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Summary 
 
Osteoarthritis (OA) is characterized by pain, and problems with activities of daily 
life, especially if the hip or knee joint is affected. The aim of this project was to 
study associations between strength, voluntary activation and physical 
functioning in elderly patients with OA. People with OA of the knee often have 
lower muscle strength, but also a lower ability to voluntarily activate their knee 
extensors. In Chapter 2 we investigated the effects of relatively low stimulation 
currents on the assessment of VA of the knee extensor muscles. We concluded 
that by using submaximal muscle stimulation overestimation of VA may even be 
less compared with maximal nerve stimulation. In Chapter 3, we investigated 
physical functioning longitudinally in a large cohort of participants with and 
without self-reported hip or knee OA. Physical functioning was tested with a short 
battery consisting of a chair stand test, a balance test and a 6 meter walk test, 
performed in the participants’ home. Chair stand and walking performance were 
lower in participants with OA 3 to 6 years after OA was reported for the first time, 
and men were more affected than women. In the laboratory, more elaborate lab 
tests can be done, such as muscle function tests, standardized stair climb tests 
and longer walk tests. Such tests may be more sensitive to detect impairments. 
In Chapter 4, we investigated whether there are differences in muscle function in 
people with and without OA, Only the battery of home tests showed lower scores 
in participants with OA, and there were no differences in muscle function. In 
Chapter 5, we investigated the feasibility and effectiveness of 6 weeks of 
preoperative training for elderly OA patients undergoing total knee arthroplasty. 
Pre and post-operative outcome measures were not different compared to a 
standard training group. We conclude that physical functioning, but not VA is 
impaired in older people with OA and that strength and physical functioning is 
more impaired just before total knee arthroplasty. When assessing physical 
functioning in older participants or patients with musculoskeletal disorders, home 
tests are a good alternative to lab tests to obtain a representative sample. 
Preoperative training before total knee arthroplasty can prevent the decline in 
functioning often observed before surgery, but there were no additional effects of 
intensive strength training. 
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Osteoarthritis (OA) is a degenerative joint disease which is characterized by a 
gradual loss of cartilage as a result of various biochemical, biomechanical, 
inflammatory, and immunologic factors (Seed, Dunican, & Lynch, 2009). These 
factors can cause structural and functional failure of synovial joints with erosion 
and loss of articular cartilage, meniscal degeneration, and osteophytes (Seed et 
al., 2009). OA is worldwide the most common joint disease. Although most 
studies are performed in Europe and the United States, it is estimated that 
approximately 10% of the world’s population of 60 years or older has 
symptomatic problems because of OA (Symmons, Mathers, & Pfleger, 2002). OA 
is more common in women than men, and mostly affects knee, hip, hands and 
feet. Patients with OA of the knee or hip more often experience pain and 
difficulties in activities of daily life (van Dijk, Dekker, Veenhof, & van den Ende, 
2006). Due to the ageing population and the growing number of obese persons, 
numbers of patients with OA are expected to increase. 
Definition of OA 
OA can be defined pathologically, radiographically, or clinically. Radiographic 
assessment of OA with use of the Kellgren-Lawrence scale has long been the 
reference standard (Zhang & Jordan, 2008). With this scale, OA is determined by 
the presence of osteophytes (bony spurs), joint space narrowing, cysts, sclerosis 
or deformation (Kellgren & Lawrence, 1963).  
Risk factors 
Risk factors can be divided into two categories: systemic risk factors, and local 
biomechanical risk factors. One of the most important systemic factors for OA is 
age (Symmons et al., 2002). Men are affected more often than women below age 
45, while women are affected more frequently after age 55 (Symmons et al., 
2002). Also ethnicity plays a role. For instance, OA is rare in China and in 
Chinese people living in the US (Garstang & Stitik, 2006). The risk of 
development of OA is also related to genetics, lower levels of vitamin D and 
inversely related to osteoporosis (Symmons et al., 2002). 
Joint injuries and earlier surgeries are important biomechanical factors, 
because they are associated with altered joint shape and can therefore lead to 
increased local stresses on the cartilage and cartilage loss (Garstang & Stitik, 
2006). Injuries such as anterior cruciate ligament injuries and or surgeries such 
as meniscosectomy can significantly increase the risk of developing OA 
(Garstang & Stitik, 2006; Zhang & Jordan, 2008). Occupation is another 
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important biomechanical risk factor. Repetitive use of joints during work is 
associated with an increased risk of OA, in particular when lifting, carrying, 
kneeling or squatting is required (Palmer, 2012; Zhang & Jordan, 2008). The 
duration and intensity of sporting activities is associated with an increased risk of 
OA (Wang et al., 2010), but this also applies to activities of daily life, such as 
walking or gardening (Vignon et al., 2006; Zhang & Jordan, 2008). Obesity is 
another important biomechanical risk factor, especially for knee OA (Berenbaum, 
Eymard, & Houard, 2012; Zhang & Jordan, 2008). Muscle weakness, particularly 
of the quadriceps, is often seen in people with OA of the knee (Garstang & Stitik, 
2006). Muscle weakness can be a consequence of disuse because of pain or 
caused by OA. A last biomechanical factor is alignment of the knee joint. Knee 
alignment determines the load distribution in the knee joint. If there is 
misalignment present in the knee, this leads to a four to five fold increase in odds 
of progression of OA (Garstang & Stitik, 2006). The relationship between 
misalignment and risk of developing knee OA is less clear (Garstang & Stitik, 
2006).  
In a recent study (Pisters et al., 2012), limitations in activities after 5 
years were predicted by avoidance of activity, increased pain, more 
comorbidities, a higher age, a longer disease duration, a reduced muscle 
strength and range of joint motion in patients with knee OA. In patients with hip 
OA, limitations were predicted by avoidance of activity, increased pain, more 
comorbidities, a higher age, and reduced range of motion (Pisters et al., 2012). 
Measurement of physical functioning 
OA is characterized by pain, loss of strength and problems with activities of daily 
life, especially if the hip or knee joint is affected (Steultjens, Dekker, van Baar, 
Oostendorp, & Bijlsma, 2001). There are several instruments that can evaluate 
physical functioning. Self-report measures, such as the Western Ontario and 
McMaster Universities Arthritis Index are easy to administer, take a small amount 
of time, are inexpensive and are multidimensional. Disadvantages include errors 
in memory or judgment, impaired cognition, and willingness and ability to answer 
accurately (Wright, Hegedus, David Baxter, & Abbott, 2010). Advantages of 
physical tests are that there is less influence of psychological factors and 
cognitive impairments. Also separate areas can be distinguished, such as speed, 
strength or endurance. Physical measures may be more reflective of 
impairments. Possible disadvantages compared to self-report measures of 
performance are less responsiveness, short term effects of impairments and 
motivation and limited translation to other tasks (Wright et al., 2010). A battery of 
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tests, such as the Short Physical Performance Battery (Guralnik, Seeman, 
Tinetti, Nevitt, & Berkman, 1994; Guralnik, Simonsick, et al., 1994) could assess 
physical functioning over a wider area and can be applied in a home setting with 
limited space and with older participants. Lower scores on this battery are 
associated with higher risk of disability and mortality in older people (Guralnik, 
Simonsick, et al., 1994). In Chapter 3 we investigated physical performance in 
participants with and without OA assessed with a comparable battery. 
In the laboratory, the 6-minute walk test (Mizner & Snyder-Mackler, 
2005; Yoshida, Mizner, Ramsey, & Snyder-Mackler, 2008), the stair climb test 
(Mizner & Snyder-Mackler, 2005; Yoshida et al., 2008) and strength testing (de 
Haan, de Ruiter, van Der Woude, & Jongen, 2000; de Ruiter, van Engelen, 
Wevers, & de Haan, 2000; Mizner & Snyder-Mackler, 2005; Yoshida et al., 2008) 
are widely used as specific tests to quantify physical functioning in patients. 
There are indications that a longer walk test is more discriminative than a 
performance battery (Sayers, Guralnik, Newman, Brach, & Fielding, 2006), and 
stair climb tests (Lin, Davey, & Cochrane, 2001) and the six minute walk test 
(r=0.95 (Harada, Chiu, & Stewart, 1999)) are more reliable than the short 
physical performance battery  (Cronbach’s alpha 0.76, (Guralnik, Simonsick, et 
al., 1994)).  The reliability of strength testing is even higher (ICC=0.99 (Behm, St-
Pierre, & Perez, 1996)) and therefore strength testing might be more sensitive to 
detect differences in people with mild complaints.  
Effects of OA on physical functioning 
In a recent study, walking speed remained unchanged one and two years after 
baseline for subjects with knee OA (Dunlop, Song, Semanik, Sharma, & Chang, 
2011). In another study (van Dijk et al., 2010), no differences in a 10-meter timed 
walking test were observed for subjects with knee or hip OA in a 3 year follow-up. 
In another study, no difference in quadriceps dysfunction has been shown 
between subjects with early stage OA and healthy controls (Thomas, Sowers, 
Karvonen-Gutierrez, & Palmieri-Smith, 2010), while large differences in muscle 
strength were observed between subjects with mild or severe OA (Palmieri-
Smith, Thomas, Karvonen-Gutierrez, & Sowers, 2010). A review study concluded 
that for hip OA there was limited evidence that functional status and pain did 
change the first three years of follow-up, but after three years a worsening of 
functional status and pain was seen (van Dijk et al., 2006). For knee OA there 
was conflicting evidence for the first three years and limited evidence for 
worsening of functional status and pain after three years (van Dijk et al., 2006). 
The limited evidence for worsening of pain and functioning on the longer term is 
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because of the lack of high quality studies with longer follow-up periods. There is 
also a lack of studies with physical tests as the primary outcome measure, even 
though the use of physical measures for the assessment of performance is 
regarded as an important component of functioning in patients with OA (Wright et 
al., 2010). Studies with longer follow-up periods focussed on physical measures 
could provide more insight in the course of physical functioning in subjects with 
OA.  
Muscle weakness 
One important consequence of OA is muscle weakness. In subjects with knee 
OA, weakness of the knee extensors is often observed and knee extensor 
strength is significantly related to functional tasks such as the timed up and go 
test (r=-0.49), the stair climb test (r=-0.50) and the 6-minute walk test (r=0.47) 
(Maly, Costigan, & Olney, 2006). The weakness is mainly caused by loss of 
muscle bulk (Arokoski et al., 2002; Petterson, Barrance, Buchanan, Binder-
Macleod, & Snyder-Mackler, 2008), but patients with OA often also have a 
reduced ability to fully, or appropriately, voluntary activate their muscles 
(Petterson et al., 2008; J. E. Stevens, Mizner, & Snyder-Mackler, 2003). 
Voluntary activation (VA) is usually calculated using the superimposed twitch 
technique, but recently the validity of this technique has been discussed (de 
Haan, Gerrits, & de Ruiter, 2009; Taylor, 2009) and it is thought that levels may 
be overestimated for subjects with low VA (Kooistra, de Ruiter, & de Haan, 
2007), such as OA patients. With patients, relatively low currents and thus small 
fractions of the muscle are often stimulated (Martin, Millet, Martin, Deley, & 
Lattier, 2004; Molloy, Al-Omar, Edge, & Cooper, 2006). It is therefore important 
to determine if stimulation with lower currents results in reliable estimates of VA, 
which was investigated in Chapter 2. 
 Torque elicited by electrical stimulation is unaffected by motivation and 
pain (Shield & Zhou, 2004). It therefore might be a better representation of knee 
extensor strength than voluntary torque. Electrical stimulation can also be used 
to study the fatigability of the knee extensors (Wust, Morse, de Haan, Jones, & 
Degens, 2008) which might be related to performance in a six minute walk test. 
Ageing 
The ageing process itself is accompanied by losses of strength and functioning. 
Quadriceps strength is reduced 5-7% every 5 years from age 70 to 90 (Hairi et 
al., 2010), and muscle size declines by approximately 40% from 20 to 80 years 
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(Narici & Maganaris, 2006). There is no consensus whether older adults have a 
reduced VA compared to younger adults (Narici & Maffulli, 2010). For functional 
tests, such as the six-minute walk test, the total distance covered decreases 5 to 
7 meters per year of aging for healthy subjects from 45 to 80 years (Enright & 
Sherrill, 1998). Studies with subjects with and without OA could help to 
distinguish between the losses of strength and functioning because of OA and 
because of aging.  
Treatment  
Because OA is not reversible, it can not be cured. Treatment therefore is 
primarily focussed on alleviation of pain. Pharmacological substances such as 
acetaminophen and NSAIDs can reduce pain (Seed et al., 2009). The efficacy in 
reducing pain of other substances such as glucosamine and chondroitin remains 
controversial (Seed et al., 2009). There are also non pharmacological strategies 
to reduce pain or improve functioning. Physical and occupational therapy have 
been shown to be effective to decrease the risks of needing joint replacement 
surgery (Seed et al., 2009). Also the use of assistive devices such as orthoses, 
canes and insoles may improve quality of life and functioning (Rannou & 
Poiraudeau, 2010). If the pain becomes too severe, patients may decide to 
undergo total knee or hip arthroplasty. 
Total joint arthroplasty 
With a total joint replacement, the complete joint is removed and replaced by an 
artificial joint. In the US alone, more than 200000 total hip arthroplasties and 
more than 400000 total knee arthroplasties (TKA) are performed each year 
(Kurtz, Ong, Lau, Mowat, & Halpern, 2007). Due to the aging population and the 
growing number of obese persons, these numbers are expected to dramatically 
increase in the future (Kurtz, et al., 2007). Slow and incomplete recovery is a 
major problem in the rehabilitation of older patients especially after TKA. The 
strength of the knee extensors has been shown to decrease by up to 60% six 
weeks after surgery, and this decrease was accompanied by decreases in 
voluntary activation of 16% (Stevens, et al., 2003). Even after thirteen years 
following TKA, the strength of the involved side remained 12-30% lower than the 
uninvolved side and almost never matched values for healthy controls (Meier et 
al., 2008). Training might help to reduce the strength losses often seen after 
surgery. 
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Training 
Resistance training can have positive effects on muscle strength, bodily 
functions, body composition and pain (Lange, et al., 2008). These effects could 
potentially have positive effects in patients with OA, because obesity, muscle 
weakness and impaired functioning are related to OA. Weight loss interventions 
have been shown to decrease pain and disability in established knee OA 
(Rannou & Poiraudeau, 2010). Weight loss not only reduces symptoms, but also 
decreases the chance of developing OA. In women who lost 5 kg of body weight, 
this chance decreased with 50% (Zhang & Jordan, 2008). In a systematic review 
in 2008, it was concluded that physical exercise can reduce knee pain and 
improve physical functioning for patients with knee OA (Fransen & McConnell, 
2008).  
Specifically resistance training is associated with improved muscle 
strength and self-reported measures of pain and physical functioning in knee OA 
(Lange, Vanwanseele, & Fiatarone Singh, 2008; Rannou & Poiraudeau, 2010) 
and hip OA (Rannou & Poiraudeau, 2010). In a review study (Lange, et al., 
2008), the average the increase in strength was 17.4% (range from a 10.5% 
decrease to a 49.5% increase). The relative effect size for strength variables 
ranged from -0.04 to 1.52, with an average of 0.38 (Lange, et al., 2008). Strength 
training also led to a reduction of symptoms, with a relative effect size of -2.11 
(range 0.05 to -6.47) (Lange, et al., 2008). Also stair climbing and chair stand 
improved after strength training, but less consistent results were found for 
walking performance (Lange, et al., 2008). These results indicate that strength 
training can help to increase functioning and decrease symptoms in patients with 
OA.  
Because knee extension strength is dramatically reduced after TKA, 
several studies have investigated the effects of strength training before or after 
surgery. Intensive strength training after TKA has shown to be beneficial for 
decreasing pain, and improving strength and functioning when compared to 
usual care (Petterson et al., 2009). Multiple studies have investigated the effect 
of preoperative strength training on postoperative recovery without showing 
positive effects (Beaupre, Lier, Davies, & Johnston, 2004; Crowe & Henderson, 
2003; D'Lima, Colwell, Morris, Hardwick, & Kozin, 1996; Mitchell et al., 2005; 
Rodgers et al., 1998). However, none of these studies reported significant 
increases in preoperative strength following the training. Very recently, modest 
improvement in preoperative strength and functioning were reported (Swank et 
al., 2011). Reviewing these studies, it is clear that the intensity of training, when 
documented, was either rather low (Beaupre et al., 2004; Guralnik, Simonsick, et 
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al., 1994; Mitchell et al., 2005; Rodgers et al., 1998; Swank et al., 2011; Topp, 
Swank, Quesada, Nyland, & Malkani, 2009), was not progressively increased 
(Beaupre et al., 2004; Mitchell et al., 2005), or the number of sessions was too 
small to produce significant training effects (Mitchell et al., 2005; Rooks et al., 
2006). Progressive, high intensity strength training could perhaps increase 
preoperative strength and functioning, and therefore promote postoperative 
recovery.  
Aim and outline of the thesis 
There are several instruments that can evaluate physical functioning but the use 
of physical tests is regarded as an important tool to measure an important 
component of functioning in patients with OA (Wright et al., 2010). It is unclear if 
there are differences in strength, voluntary activation and physical functioning in 
patients with knee or hip OA compared to healthy controls, and on what term 
physical functioning becomes impaired. Therefore the aim of this project was to 
study strength, voluntary activation and functioning in patients with OA and 
associations between these variables. In Chapter 2, we investigated the effects 
of using lower stimulation currents for the assessment of VA of the quadriceps, 
because lower stimulation currents are less uncomfortable and therefore often 
used with elderly patients. In Chapter 3, we investigated to which extent OA 
exacerbates the deterioration in physical performance that occurs with ageing by 
analysing existing longitudinal data of older people with and without OA. These 
data were collected earlier for the Longitudinal Aging Study Amsterdam (LASA). 
Within that study, the physical performance data were obtained in a home setting 
with a small test battery. In Chapter 4, we studied whether strength testing is 
more sensitive to detect differences between people with and without OA. In 
Chapter 5, we investigated the feasibility and effectiveness of specific training for 
older OA patients before undergoing total knee arthroplasty, which was 
performed under the supervision of physiotherapists. In Chapter 6, the main 
findings of the studies are summarized and placed into context.  
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Abstract 
Introduction: The interpolated twitch technique is often used to assess voluntary 
activation (VA) of skeletal muscles. We investigated VA and the voluntary torque-
superimposed torque relationship using either supramaximal nerve stimulation or 
better tolerated submaximal muscle stimulation, which is often used with 
patients. 
Methods: Thirteen healthy subjects performed maximal and submaximal 
isometric knee extensions with superimposed maximal or submaximal doublets 
(100 Hz).  
Results: Superimposed torque relative to potentiated resting doublets was 
smaller with maximal nerve than with submaximal muscle stimulation. Maximal 
VA was 87±7% and 93±5% for submaximal muscle and maximal nerve 
stimulation, respectively. The individual voluntary torque-superimposed torque 
relationships were more linear for submaximal muscle stimulation, possibly 
leading to less overestimation of VA.  
Conclusions: Submaximal muscle stimulation can be used to estimate VA in the 
knee extensors and is less painful compared with maximal nerve stimulation. 
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Introduction 
The interpolated twitch technique was first used by Merton (1954) to assess 
muscle inactivation in the adductor pollicis. When a muscle is not fully activated 
during a voluntary contraction and a (supra) maximal electrical pulse is applied, 
this will lead to an increase in torque (superimposed torque, e.g. see Figure 2.1). 
This technique is reliable  (Behm et al., 1996) and has been applied in different 
muscle groups. It has become the standard technique to assess voluntary 
muscle activation (VA) (Behm et al., 1996; Behm, Whittle, Button, & Power, 
2002; Kooistra et al., 2007). The quadriceps has been studied frequently with 
superimposed stimulation (Behm et al., 1996; Behm et al., 2002; Bulow, 
Norregaard, Danneskiold-Samsoe, & Mehlsen, 1993; Folland & Williams, 2007; 
Kooistra et al., 2007; Scaglioni & Martin, 2009), because it is a large muscle 
group with important contributions during sports and during locomotion in daily 
life. The electrical stimulation is typically applied over either the nerve trunk 
(nerve stimulation) or the muscle belly (muscle stimulation) (Shield & Zhou, 
2004). In patients, superimposed electrical stimulation is used to assess 
voluntary activation (Matschke, Murphy, Lemmey, Maddison, & Thom, 2010; 
Molloy et al., 2006) or to assess changes in neural activation due to training or 
disuse (Mizner, Petterson, Stevens, Vandenborne, & Snyder-Mackler, 2005; 
Mizner, Stevens, & Snyder-Mackler, 2003; J. E. Stevens et al., 2003). With 
patients however, submaximal muscle stimulation is used frequently to calculate 
VA (de Haan et al., 2000; Gerrits et al., 2005; Molloy et al., 2006; Shield & Zhou, 
2004), because submaximal currents are better tolerated (Molloy et al., 2006; 
Place, Casartelli, Glatthorn, & Maffiuletti, 2010). Muscle stimulation is also easier 
to apply than nerve stimulation because of the location of femoral nerve in the 
femoral triangle.  
Disadvantages of maximal nerve stimulation are shifting of the femoral 
nerve during voluntary contractions and unwanted stimulation of the sartorius 
muscle (Place et al., 2010). The disadvantages of submaximal muscle 
stimulation are incomplete (Place et al., 2010) and random recruitment (Jubeau, 
Gondin, Martin, Sartorio, & Maffiuletti, 2007) and possible antagonist stimulation 
(Awiszus, Wahl, & Meinecke, 1997), although antagonist stimulation is less like 
likely with submaximal stimulation compared with maximal stimulation (Awiszus 
et al., 1997). Previously, voluntary activation was found to be similar when it was 
assessed with maximal percutaneous or maximal nerve stimulation for the 
plantar flexors (Scaglioni & Martin, 2009). Recently, Place et al (Place et al., 
2010) showed that submaximal quadriceps muscle stimulation resulted in equal 
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superimposed torques compared with maximal nerve stimulation, but VA was not 
calculated in that study. In this study we elaborate on these observations by 
investigating the effects of stimulation type on actual VA, which in most studies 
that use superimposed stimulation is the primary parameter of interest (Gerrits et 
al., 2005; Mizner, Petterson, Stevens, Vandenborne, et al., 2005; Mizner et al., 
2003; Molloy et al., 2006; J. E. Stevens et al., 2003). 
It is assumed that there is a linear relationship between voluntary torque 
of the stimulated muscle and superimposed torque. This indicates that VA is also 
related linearly to voluntary torque. While the relationship between voluntary 
torque and superimposed torque indeed was reported to be linear (Bulow et al., 
1993; Rutherford, Jones, & Newham, 1986), there is growing evidence that this 
relationship is curvilinear for the knee extensors (Behm et al., 1996; Folland & 
Williams, 2007; Kooistra et al., 2007; Scaglioni & Martin, 2009) and also for other 
muscles (Dowling, Konert, Ljucovic, & Andrews, 1994; Scaglioni & Martin, 2009; 
Yue, Ranganathan, Siemionow, Liu, & Sahgal, 2000). It is time consuming and 
difficult to obtain a good and complete relationship between superimposed and 
voluntary torque. Therefore, in most studies VA has been calculated with the 
superimposed responses upon the highest of a few maximal voluntary 
contractions (Kean, Birmingham, Garland, Bryant, & Giffin, 2010; Matschke et al., 
2010; Millet, Martin, Lattier, & Ballay, 2003; Petterson et al., 2009). However, if 
the relationship indeed is curvilinear, VA is overestimated for lower contraction 
intensities (Behm et al., 1996; de Haan et al., 2009; Folland & Williams, 2007; 
Kooistra et al., 2007), such as those observed in patients (Behm et al., 1996; 
Matschke et al., 2010; Molloy et al., 2006; J. E. Stevens et al., 2003). For 
maximal contractions VA may also be overestimated, but without a golden 
standard for the maximal torque capacity (MTC), the extent of overestimation 
cannot be assessed. 
The aim of this study was to investigate if less painful submaximal 
muscle stimulation results in similar voluntary torque-superimposed torque 
relationships and voluntary activation as obtained with maximal nerve muscle 
stimulation. It was expected that submaximal muscle stimulation would result in 
similar voluntary torque-superimposed torque relationships and similar 
estimations of voluntary activation. These experiments assess whether a 
practical modification of the interpolated twitch technique to make it less painful 
for subjects would result in similar levels of VA. A less stressful stimulation 
technique is important, because superimposed stimulation is the gold standard 
for measuring maximal voluntary activation in frail elderly subjects and subjects 
with musculoskeletal disorders (de Haan et al., 2000; Gerrits et al., 2005; Molloy 
et al., 2006; Shield & Zhou, 2004). 
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Materials and methods 
 
Subjects 
The participants were 13 healthy volunteers (9 male, 4 female) aged 26.0 ±3.6 
years. Their body weight was 69.5 ±7.8 kg, height was 1.80 ± 0.08 m), and they 
were unfamiliar with electrical stimulation. All subjects gave written informed 
consent, and the study was approved by the local ethics committee.  
 
Torque measurements 
Measurement of the contractile properties of the knee extensor muscles took 
place on a custom made adjustable dynamometer which recorded the exerted 
torque at its axis of rotation. All measurements were performed on the right leg at 
a knee angle of 60 (0 is full extension) during isometric contraction. Subjects 
sat in the dynamometer with a hip angle of 80 (0 is full extension) and were 
firmly attached to the seat with straps at the pelvis to prevent extension of the hip 
during contraction and a strap at the chest. The axis of rotation of the 
dynamometer was visually aligned to the axis of rotation of the knee joint. The 
lower leg was strapped tightly to the arm of the dynamometer. Torque was 
sampled at 10 kHz, digitized, filtered with a 4
th
 order bidirectional 150 Hz 
Butterworth low-pass filter, and stored on a PC for offline analysis. Torque 
signals were corrected for gravity; the average torque applied by the weight of 
the limb was set at zero.  
 
Electrical Stimulation 
Constant current electrical stimulation (pulse width 200 μs) was applied through 
self-adhesive surface electrodes (Schwa-Medico, Leusden, The Netherlands) by 
a computer-controlled stimulator (model DS7A, Digitimer Ltd., Welwyn Garden 
City, UK). For maximal nerve stimulation, the anode (8 x 13 cm) was placed over 
the gluteal fold, and the cathode (5 x 5 cm) was placed over the femoral nerve in 
the femoral triangle. For submaximal muscle stimulation, the distal electrode (8 x 
13 cm) was placed over the medial part of the quadriceps muscle just above the 
patella, and the proximal electrode (8 x 13 cm) was placed over the lateral 
portion of the muscle to prevent inadvertent stimulation of the adductors. The 
skin in the area of the electrodes was shaved before the electrodes were applied. 
The stimulation current was increased until torque in response to doublet 
stimulation (two pulses at 100 Hz) leveled off. Subsequently, to ensure maximal 
stimulation, stimulation current was increased a further 50 mA for nerve 
stimulation (range 200-400 mA). For submaximal muscle stimulation the 
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stimulation was increased until a plateau was observed, and it was then lowered 
to produce 50% of the maximum doublet torque (range 80-125 mA). This 
ensured that a substantial amount of muscle mass was stimulated, but it 
significantly reduced stimulation related discomfort. Doublet stimulation was 
chosen to increase the signal-to-noise ratio (Behm et al., 1996) and to decrease 
effects of potentiation (Oskouei, Van Mazijk, Schuiling, & Herzog, 2003).  
 
Experimental protocol 
After a warm-up of 10 submaximal isometric extensions of increasing intensity, 
subjects performed one MVC for the knee extensors to determine target levels 
for the subsequent submaximal contractions with superimposed electrical 
stimulation. For each stimulation method, contractions of 30, 50, 70, 80 and 90% 
MVT and two MVCs were performed in random order. Thus a total of 14 
contractions were performed (2x7 + 1 MVC to estimate torque levels). Of these 
contractions, 7 were near maximal (>90%). To avoid possible effects of fatigue, 
the number of near-maximal contractions was limited to these 7 attempts. 3 
minutes of rest were taken between contractions. For all superimposed 
contractions, torque was displayed in real time for the subjects, and they were 
verbally encouraged to exceed their maximum value during MVCs. When torque 
was stable and close to the target line, a superimposed doublet was delivered to 
the muscle. 2 seconds after each contraction, a (potentiated) doublet was 
delivered to the relaxed muscle. The order of the type of stimulation (nerve or 
muscle) was randomized among the subjects, but the measurements of one 
stimulation type were fully completed before the measurements of the other type 
were made, for convenience. There was no familiarization, because in practice, 
particularly with patients, it is often difficult to include a familiarization session. 
 
Data analysis 
Electromechanical delay was taken into account when voluntary torque and 
superimposed torque were calculated (Oskouei et al., 2003). Maximal Voluntary 
Torque (MVT) was defined as the highest torque recorded at the onset of 
stimulation, because this torque was expected to have to closest link with the 
superimposed torque response. Maximal voluntary activation (VA100%) was 
calculated with use of the following equation:  
 
VA100%=MVT/MTC100% * 100% (Folland & Williams, 2007; Tillin, Pain, & Folland, 
2011).  
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MTC100% is the theoretical maximum torque estimated from MVT with the 
following equation:  
 
MTC100%=1 / [1-(superimposed torque/potentiated resting doublet) ] * MVT 
(Folland & Williams, 2007).  
 
In addition, we calculated VA in an alternative way (VA60-100%) as suggested by 
others (Folland & Williams, 2007; Tillin et al., 2011), by dividing MVT over MTC60-
100%, which was obtained by extrapolation of the linear regression line fitted on 
the superimposed torques obtained for voluntary torques greater than 60% MVC. 
Figure 2.2A illustrates the calculation of MTC100% and MTC60-100%. The range of 
60-100% MVT was chosen, because inclusion of lower torque levels tends to 
increase the errors of MTC estimation (Behm et al., 1996; Folland & Williams, 
2007; Kooistra et al., 2007; Norregaard, Lykkegaard, Bulow, & Danneskiold-
Samsoe, 1997).  
Best fits for superimposed torque data as a function of voluntary torque 
for each individual subject were calculated using a least squares algorithm. 
Linear, quadratic, cubic and exponential (2 and 3 variables) fits were calculated. 
Akaikes Information Criterion with a second order correction for small sample 
sizes was used to determine the best fit (Wagenmakers & Farrell, 2004). Since 
actually produced torque was not exactly equal to the target percentages of MVT, 
values for 30, 50, 70, 80, 90 and 100% MVT were subsequently obtained from 
the individual fitted curves to statistically compare stimulation types. The best fits 
were not used for estimations of MTC, because such relations in many cases did 
not cross the x-axis or did so at unrealistically high values. 
 
Statistics 
Differences between stimulation types regarding the superimposed-voluntary 
torque data were analyzed using ANOVA repeated measures with a Bonferroni 
post-hoc correction. The Pearson correlation was employed to investigate 
relationships between variables. The level of significance for all tests was set at 
0.05 (two-tailed). 
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Results 
 
Superimposed Torque Relationship  
Figure 2.1 shows typical torque traces for both stimulation types. There were no 
significant differences in time to peak for potentiated doublets and time to peak 
superimposed torque between stimulation types, although a more pronounced 
drop in torque was seen following maximal nerve compared with submaximal 
muscle stimulation for contraction intensities greater than ~80% MVT.  
 
Figure 2.1: Typical torque traces during maximal nerve (black) and submaximal muscle stimulation 
trials (gray) for almost equal torque levels (target torque was 80% MVT ~ 156 Nm). Torque traces are 
aligned to the onset of superimposed stimulation (vertical line at t= 0.0 s). The inset shows an 
enlarged graph of the superimposed response. Arrows indicate the size of the superimposed 
response and the potentiated resting doublet for maximal nerve stimulation. 
 
 
Figure 2.2A shows a typical superimposed torque – voluntary torque 
relationship for 1 subject. Curve fitting of the individual data points (r
2
 ranged 
between 0.92-1.00) showed that relationships for superimposed maximal nerve 
stimulation were best fitted (lowest Akaikes Information Criterion) with an 
exponential function for twelve subjects and a linear function for only one subject. 
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Figure 2.2: Superimposed 
torque data (A) for one 
subject as a function of 
voluntary torque for maximal 
nerve (black circles) and 
submaximal muscle 
stimulation (open squares). 
MTC100% was calculated by 
linear extrapolation of the data 
point obtained at MVT 
assuming a linear relation 
between superimposed torque 
and resting doublet (crossing 
of the dotted lines with the x-
axis). Alternatively, when 
more data points are 
available, MTC can be 
estimated by linear 
extrapolation of the regression 
line on data points with 
torques above 60 % MVT 
torque (solid lines, MTC60-
100%). Both relative (B) and 
absolute (C) superimposed 
torques for maximal nerve 
and submaximal stimulation 
averaged (±SD) for all 
subjects. Individual data 
points with averages for the 
stimulation types are 
displayed. Since actually 
produced torque was not 
exactly equal to the target 
percentages of MVT, torque 
values from the individual best 
fits were used to calculate 
mean group values. * 
indicates a significant 
difference between 
stimulation types. 
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For submaximal muscle stimulation, the superimposed torque 
relationship was best fitted with an exponential function for eight subjects and a 
linear function for five subjects. Figure 2.2B shows relative superimposed torques 
for maximal nerve and submaximal muscle stimulation for all subjects together 
with group averages. Because actually produced torque was not precisely equal 
to the target percentages of MVT, values from the individual best fits were used 
to calculate group averages and for statistical comparison. Submaximal muscle 
stimulation during voluntary contractions resulted in greater relative 
superimposed torques than maximal nerve stimulation. 
There was a main effect of stimulation type on normalized (to resting 
doublet) superimposed torque, with a near significant interaction effect (P=0.06) 
between stimulation type and torque. Post-hoc tests revealed significant 
differences, indicating that relative superimposed torque at 50, 70, 80 and 90% of 
MVT was lower with maximal nerve compared with submaximal muscle 
stimulation (see Figure 2.2B). Figure 2.2C shows absolute torque increments for 
maximal nerve and submaximal muscle stimulation. 
An interesting finding was that the absolute superimposed response 
upon MVT with submaximal muscle stimulation (5.7 ± 3.5 Nm) was similar 
(P=0.28) to that obtained with maximal nerve stimulation (6.4 ± 3.8 Nm), even 
though MVT was significantly higher (P<0.05) just before submaximal muscle 
stimulation (252 ± 64 Nm) compared with submaximal muscle stimulation (244 ± 
64 Nm, see Table 2.1). This is surprising, since potentiated resting doublets for 
submaximal muscle and maximal nerve stimulation were 43 ± 10 and 86 ± 17 
Nm, respectively, suggesting a twofold difference in activated muscle mass 
between stimulation types. 
 
 
Table 2.1: MVT, doublet torque, voluntary activation, and MTC. 
 MVT 
(Nm) 
Doublet 
(Nm) 
VA100% 
(%) 
VA60-100% 
(%) 
MTC100%\ 
(% MVT) 
MTC60-100% 
(% MVT) 
Maximal  244 ± 64* 86 ± 17* 93 ± 5*† 90 ± 7* 108 ± 5* 111 ± 9* 
Submaximal  252 ± 64 43 ± 10 87 ± 7 84 ± 8 115 ± 9 120 ± 12 
MVT (highest plateau torque), (potentiated) doublet torque, maximal voluntary activation (VA100%), VA 
calculated from torque between 60 and 100% MVT (VA60-100%), MTC calculated at MVT (MTC100%), 
and MTC calculated from torque between 60 and 100% MVT (MTC60-100%) for maximal nerve and 
submaximal muscle stimulation. All values are means ± SD. * indicates a significant difference 
(P<0.05) between stimulation types, † indicates a significant difference between VA100% and VA60-100% 
(P<0.05).  
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In pilot experiments, additional superimposed measurements were done 
with maximal muscle stimulation for some subjects. Figure 2.3 shows absolute 
(A) and normalized (B) superimposed torques for one of our subjects with 
maximal nerve stimulation, submaximal muscle stimulation and maximal muscle 
stimulation. The voluntary torque-superimposed torque relationships for maximal 
nerve and maximal muscle stimulation were quite similar, whereas submaximal 
muscle stimulation resulted in higher normalized superimposed torques for 
voluntary torques near MVT (note that in this subject, the absolute torque 
increments were even larger for submaximal muscle stimulation compared with 
maximal muscle and maximal nerve stimulation for contraction intensities near 
MVT). 
 
Voluntary Activation 
Average values for voluntary activation calculated at MVT (VA100%) were higher 
with maximal nerve (93 ± 5%) than with submaximal muscle stimulation (87 ± 
7%, P<0.05, Table 2.1), although voluntary torque was 3% lower just before 
maximal nerve stimulation (P<0.05). At somewhat lower levels of activation such 
as could be expected in patients, calculated differences in VA between 
stimulation methods were even larger. At 70% of MVT, VA was 77 ± 7 % for 
maximal nerve and 68 ± 9% for submaximal muscle stimulation (see Figure 
2.2B). 
As indicated before, VA was also calculated by expressing MVT as a 
percentage of MTC60-100%. MTC60-100% was estimated by extrapolation of the 
linear regression line fitted on the superimposed torques obtained for voluntary 
torques greater than 60% MVT. The average r
2 
values for these regression lines
 
were 0.94 (range: 0.89-0.99) for maximal and 0.84 (range: 0.51-0.97) for 
submaximal muscle stimulation. Although this alternative manner of calculating 
VA led to slight reductions of calculated maximal VA, the difference between both 
stimulation methods remained. For maximal nerve and submaximal muscle 
stimulation, maximal VA was reduced from 93 ± 5% to 90 ± 7% (P<0.05) and 
from 87 ± 7% to 84 ± 8% (P=0.06), respectively. 
It is important to note that we used voluntary torque at stimulation onset 
for our calculations of VA, because this torque was expected to have to closest 
link with the superimposed torque response. However, when instead the highest 
voluntary torque observed at any time during any of the contractions (259 ± 63 
Nm) was used to calculate VA (by dividing this maximum value by MTC100%), 
maximal VA would increase from 93 ± 5% to 99 ± 6 % for maximal nerve 
(P<0.05) and from 87 ± 7% to 90 ± 7 % (P<0.05) for submaximal muscle 
stimulation. For several subjects, the highest voluntary torque observed was 
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higher than MTC100% estimated with maximal nerve stimulation, resulting in VA 
levels above 100%. This suggests underestimation of MTC and consequently 
overestimation of maximal VA. 
 
Figure 2.3: Both absolute (A) and relative (B) superimposed torque relationship for a single subject 
during pilot experiments established with submaximal muscle (open squares), maximal muscle (gray 
triangles) and maximal nerve stimulation (black circles).  
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Discussion 
 
Superimposed Torque Relationship  
An important finding of this study is that superimposed submaximal muscle 
stimulation during voluntary contractions resulted in higher superimposed torques 
when expressed relative to the resting doublet and resulted in more linear 
superimposed torque relationships compared with maximal nerve stimulation 
(Figure 2.2B).  
The difference in relative superimposed torque could have been caused by the 
difference in stimulation site and/or by the stimulation intensity between both 
methods. The pilot data shown in Figure 2.3 indicate that the voluntary torque-
superimposed torque relationships for maximal nerve and maximal muscle 
stimulation were quite similar, whereas submaximal muscle stimulation resulted 
in higher normalized superimposed torques for voluntary torques near MVT. 
Therefore, it is more likely that the difference in stimulation intensity rather than 
stimulation site accounted for the higher relative amplitude of the superimposed 
torque during submaximal muscle stimulation compared with maximal nerve 
stimulation for all our subjects.  
The lower relative response during maximal nerve stimulation could have 
been caused by unwanted stimulation of antagonist muscles using high current 
intensities, such as the sartorius muscle (via the femoral nerve) and/or 
hamstrings as suggested by others (Awiszus et al., 1997; Place et al., 2010), but 
there are several other possible explanations. First, tendon slack can reduce 
resting doublet torque to a greater extent with submaximal muscle stimulation 
compared with maximal nerve stimulation and lead to a relatively high 
superimposed torque during submaximal stimulation (O'Brien, Reeves, 
Baltzopoulos, Jones, & Maganaris, 2008). However, the absolute torque 
increments upon MVT were high during submaximal muscle stimulation (5.4 Nm) 
and were not statistically different from those obtained with maximal nerve 
stimulation (6.3 Nm). Moreover, for some subjects the absolute torque 
increments were even systematically larger for submaximal muscle stimulation 
upon MVT compared with maximal activation (e.g. Figure 2.3A). Slack can 
increase relative superimposed torque because of relatively low resting doublet 
torque with submaximal muscle stimulation, but it cannot increase absolute 
superimposed torque. This indicates that slack cannot (fully) explain the 
differences between the superimposed responses during maximal nerve and 
submaximal muscle stimulation. Spinal effects such as recurrent inhibition, 
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hyperpolarization of the motoneuron, or inhibitory effects of muscle afferent 
stimulation could also affect superimposed torque (Herbert & Gandevia, 1999). 
The shorter distance of the electrodes to the spinal cord and higher stimulation 
currents used with maximal nerve compared with submaximal muscle 
stimulation, could lead to greater inhibition or hyperpolarization of the 
motoneuron and therefore relatively smaller superimposed torques during 
maximal nerve stimulation. In addition, if motor axons are in a refractory state at 
the instant of stimulus application, this can suppress superimposed torque, 
particularly at higher values of MVT (Berger, Watson, & Doherty, 2010). 
Furthermore, there is a non-random distribution of fiber types in the quadriceps, 
with relatively more type II fibers (Lexell, Henriksson-Larsen, & Sjostrom, 1983) 
and more larger motor units (Dahmane, Djordjevic, Simunic, & Valencic, 2005; 
Knight & Kamen, 2005) in superficial layers. Percutaneous stimulation, with lower 
stimulation currents will not reach deep into the muscle tissue, (Awiszus et al., 
1997) and therefore potentially more type II fibers may be activated with 
submaximal muscle compared with maximal nerve stimulation. This affects the 
superimposed torque response more than the resting doublet torque, because 
during MVT all type I fibers are probably already recruited and are (close to) 
maximally activated. However, since these differences in fiber type localization 
are rather subtle in human muscles (Dahmane et al., 2005; Knight & Kamen, 
2005), it seems unlikely that preferential activation of superficial fibers with 
submaximal muscle stimulation can fully account for the presented differences 
between stimulation methods. A final explanation for differences in relative 
superimposed torque could be related to the occurrence of antidromic collisions. 
Antidromic collisions take place when stimulation pulses collide with voluntary 
action potentials. This will reduce the rate of motoneuron discharge immediately 
after the stimulus and can reduce the superimposed response (Herbert & 
Gandevia, 1999). Because these collisions can only occur in axons of muscle 
fibers that are voluntarily active and electrically stimulated at the same time, 
these collisions are expected to occur more often during maximal nerve 
stimulation This results in a lower absolute superimposed torque and lower 
relative superimposed torque, because the resting doublet is unaffected by 
antidromic collisions.  
 
Voluntary Activation 
Irrespective of the method used to calculate VA, submaximal muscle stimulation 
resulted in lower values for VA compared with maximal nerve stimulation. This is 
in line with a very recent study (Place et al., 2010), where similar absolute 
superimposed torque increments were observed for maximal nerve and 
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submaximal muscle stimulation. Although VA was not calculated in that study, 
submaximal muscle stimulation would have led to lower calculated VA, because  
significantly lower resting doublets were observed for submaximal muscle 
stimulation (Place et al., 2010). VA60-100% was significantly lower than VA100% for 
maximal nerve and almost for submaximal muscle stimulation. The r
2
 values of 
the regression lines for submaximal muscle stimulation were quite low for some 
subjects (range, 0.51-0.97). Therefore, calculation of VA60-100% may be less 
accurate for submaximal muscle stimulation. However, in common practice, 
when VA is usually determined by the superimposed responses upon the highest 
of a few maximal voluntary contractions (Kean et al., 2010; Matschke et al., 
2010; Millet et al., 2003; Petterson et al., 2009), there are indications that VA 
may be overestimated with maximal nerve stimulation. Several subjects were 
able to elicit voluntary torques above MTC100%, and consequently VA100% was 
calculated to be above 100%. At 70% MVT, which corresponds better to 
activation levels of patients (Behm et al., 1996; Matschke et al., 2010; J. E. 
Stevens et al., 2003), differences in VA were larger between the two methods 
(Figure 2.2B).  
With submaximal stimulation, an overestimation of VA seems less likely 
to occur for two reasons. First, the higher the exerted volitional torque is, the 
more accurate the estimation of voluntary activation becomes (Behm et al., 1996; 
de Haan et al., 2009; Folland & Williams, 2007; Kooistra et al., 2007). MVT just 
before the instant of application of the superimposed doublet was significantly 
higher with submaximal muscle (252 ± 64 Nm) than with maximal nerve 
stimulation (244 ± 64 Nm). This could be related to stimulus anticipation (Button 
& Behm, 2008). Second, the relationships between voluntary and superimposed 
torque were more linear with submaximal muscle stimulation than with maximal 
nerve stimulation (Figure 2.2). Because calculations of VA are usually based on 
linear relationships, and curvilinear relationships tend to overestimate VA (Behm 
et al., 1996; de Haan et al., 2009; Folland & Williams, 2007; Kooistra et al., 
2007), overestimation of VA is less likely with submaximal muscle stimulation. 
It is important to note that these curvilinear relationships can have consequences 
for repeated measurements of MTC and VA. This is demonstrated in Figure 2.4, 
where average superimposed torques for 70 and 100% MVT are displayed, and 
MTCs are visualized by the intercept with the x-axis of the lines between the 
resting doublet and the superimposed torque. For maximal nerve stimulation, 
using a voluntary torque of 70% MVT resulted in an estimation of MTC, which 
was ~84% of the estimation using 100% MVT, whereas for submaximal muscle 
stimulation this was ~90%. Differences in voluntary torque will thus be less 
properly reflected in calculated VA values when it is assessed with maximal 
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nerve stimulation, because VA is inversely related to MTC. This is especially 
important for repeated measurement of VA in patients with neuromuscular 
disorders after disuse or an intervention. This study only compared the 
assessment of VA between one submaximal muscle stimulation intensity and 
maximal nerve stimulation. Further research into effects of stimulation intensity is 
needed to confirm these findings. 
Figure 2.4: Effect of curvilinearity of superimposed torque relationships on the calculation of MTC for 
submaximal muscle (white squares) and maximal nerve stimulation (black circles). The average 
superimposed torques for 70 and 100% MVT are shown. MTC was calculated by linear extrapolation 
and can be visualized by the intercept with the x-axis of the line between the resting doublet and the 
superimposed torque. For maximal nerve stimulation, MTC estimated from 70% MVT was 
approximately 84% of the estimation using 100% MVT (thick solid lines), whereas for submaximal 
muscle stimulation this was ~90% (dashed lines). As a result, a decrease of voluntary torque from 
100 to 70% MVT results in a relatively larger decrease of the estimated MTC for maximal nerve 
stimulation compared with submaximal muscle stimulation. 
Conclusions 
Submaximal muscle stimulation upon voluntary isometric knee extension resulted 
in higher relative superimposed torques compared with maximal nerve 
stimulation. Calculations of voluntary activation from MVTs with superimposed 
stimulation provided lower values with submaximal muscle than with maximal 
stimulation. Submaximal muscle stimulation with superimposed doublets can be 
used to estimate VA in knee extensors. It is not painful, and seems to be a good 
alternative for maximal nerve stimulation. 
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Abstract 
Objective: Osteoarthritis (OA) of the knee or hip is associated with limitations in 
activities of daily life. There are only a few long term studies on how knee or hip 
OA affects the course of physical performance. The aim of this study was to 
investigate the effects of knee or hip OA on physical performance during a follow-
up period of 10 years.  
Methods: Participants in the Longitudinal Aging Study Amsterdam with self-
reported hip or knee OA (N=155) were prospectively followed for 10 years on 4 
occasions from the onset of OA and compared to participants without OA 
(N=1004). Physical performance was tested with a walk test, chair stand test and 
balance test. Scores for each test were summed to a physical performance score 
(range 0-12), higher scores indicating better performance. Generalized 
estimating equations were used to analyze differences between participants with 
and without OA, unadjusted as well as adjusted for confounders.  
Results: There was a significant interaction between OA and sex (P=0.068). 
Both in men and women, the physical performance score was lower for 
participants with OA, with greater differences in men than in women. Chair stand 
and walking performance (P<0.05), but not balance were lower in participants 
with OA than in those without. After adjustment for confounders, these 
associations remained significant in men but not in women. Additional analyses 
correcting for follow-up duration and attrition, showed lower performance scores 
for men and women with OA. 
Conclusions: OA negatively affected physical performance 3 to 6 years after it 
was first reported and showed a slow deterioration. Physical performance was 
more affected in men with OA than in women. 
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Introduction 
Osteoarthritis (OA) is a joint disease which is characterized by pain, loss of 
muscle strength and limitations with activities of daily life such as walking and 
stair climbing (Petterson et al., 2009; Steultjens et al., 2001), especially if the 
knee or hip joint is affected (Dunlop et al., 2010; van Dijk et al., 2006). It is 
estimated that approximately 10% of the world’s population of 60 years or older 
has symptoms of OA (Symmons et al., 2002). However, there is conflicting 
evidence to what extent OA affects the course of physical performance. Walking 
speed did not change  after up to 3 years of follow-up in people with OA (Dunlop 
et al., 2011; van Dijk et al., 2010), whereas leg strength was lower in severe 
versus mild OA patients (Palmieri-Smith et al., 2010). These findings are in line 
with a systematic review in which it was concluded that pain and functional status 
seemed to deteriorate slowly with limited evidence for worsening after 3 years of 
follow-up (van Dijk et al., 2006). In another study however, performance on stair 
climbing and a transfer task were poorer after 15 and 30 months of follow-up 
(Miller, Rejeski, Messier, & Loeser, 2001). It is important to note that most 
studies only examined performance over time within a group of people with 
varying stages of OA. Because muscle strength and performance decrease with 
age (Enright & Sherrill, 1998; Hairi et al., 2010), changes in performance cannot 
only be attributed to OA. Population-based longitudinal studies can provide 
insight in the course of physical performance over the years and distinguish 
between loss of performance due to OA and aging. Studies with long term 
monitoring of physical performance are lacking, especially studies focusing on 
the onset of OA.  
The aim of the present study was to investigate prospectively the effects 
of knee or hip OA on physical performance since it was first reported, during a 
follow-up period of 10 years. 
Patients and methods 
 
Participants 
The Longitudinal Aging Study Amsterdam (LASA) is an ongoing longitudinal 
study on predictors and consequences of changes in physical, emotional, 
cognitive and social functioning in older persons (Deeg, van Tilburg, Smit, & de 
Leeuw, 2002). The study was initiated in 1992 and included men and women 
aged 55 to 85 years. The design, recruitment and attrition have been described 
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in more detail elsewhere (Huisman et al., 2011). The VU Medical Centre Medical 
Ethics Committee approved the study, and all participants signed informed 
consent.  
 
Data 
For the present study, data were analysed of measurement cycles gathered in 
1995-1996 (cycle 2), 1998-1999 (cycle 3), 2001-2002 (cycle 4) and 2005-2006 
(cycle 5). Participants were included if they had data on minimally 2 cycles in this 
period (N=2076). To investigate the course of physical performance from the 
onset of OA, the cycle at which OA was reported for the first time was used as 
baseline for that participant. For example, when OA was first reported at the 
cycle 4, this was set as the baseline measurement (t0) for that person. This 
person thus had only one follow-up measurement (t1). Consequently, the year of 
baseline as well as the follow-up duration varied across participants with the 
follow-up ranging from 3 to 10 years. On average, t1 was 3.0 ± 0.3 years after t0, 
t2 was 6.0 ± 0.3 years after t0 and t3 was 10 ± 0.2 years after t0. 
 
Outcome measures 
 
Osteoarthritis 
OA was assessed by self-report, and the agreement with general practitioner 
data has been studied earlier in LASA (Kriegsman, Penninx, van Eijk, Boeke, & 
Deeg, 1996). Participants were asked by trained interviewers if they had OA. If 
the participants were unfamiliar with the term OA, it was explained to them. If 
participants reported to have OA, they were asked if they had complaints of the 
hip or the knee, to determine self-reported hip or knee OA. Participants were 
excluded if reports of knee or hip OA were inconsistent at subsequent 
measurements (N=185). Because of uncertainty in the timing of OA onset, 
participants were excluded from the analysis if they reported having OA before 
cycle 2 (i.e. cycle 1 in 1992, N=596) or if OA was first reported after it was a 
missing value at the preceding cycle (N=70). Participants with a total knee or hip 
replacement at any point in time were excluded (N=66). Based on these criteria, 
1004 participants without OA and 155 participants who reported knee and/or hip 
OA were included in the analysis. A flowchart of inclusion of participants and 
follow-up is presented in Figure 3.1. Reasons for attrition were death (20%), 
ineligibility due to frailty (2%), or refusal (4%). 
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Figure 3.1: Flowchart of OA inclusion and follow-up. The cycle at which OA was reported for the first 
time was used as baseline (t0) for that participant. For instance, participants who first reported OA at 
cycle 2 had 3 possible follow-ups. Participants who reported for the first time at cycle 4 only had 1 
follow-up. For non OA, t0 to t3 represents data from LASA cycles 2 to 5. The number of men (M) and 
women (W) with participation rates are displayed for all occasions.   
 
 
Physical performance 
Physical performance was tested with a short physical performance battery 
(Guralnik, Simonsick, et al., 1994; Peeters et al., 2007). This test battery includes 
a repeated chair stand test (5 times with the arms folded in front of the chest as 
fast as possible), a balance test (tandem stand to be held for a maximum of 10 
seconds) and a brief walking test (3m along a line, 180
0
 turn and walk back). 
Lower scores on the physical performance battery are associated with higher risk 
of disability and mortality in older people (Guralnik, Simonsick, et al., 1994). To 
calculate the physical performance score, the time needed for the chair stand 
test and the walk test was divided into quartiles (1=slowest, 4=fastest), and 0 
points if a person was unable to perform the test. For the balance test, 0 points 
were scored when a participant was not able to perform the test, or lost balance 
within 3 seconds. 2 points were scored when the participant was able to hold the 
position for 3 to 9 seconds, and 4 points for 10 seconds. The three individual 
scores were summed to an overall physical performance score (range 0-12). The 
scores for subsequent measurements were calculated with use of the times from 
the baseline quartiles.  
 
Potential effect modifiers and confounders 
Age and sex were considered as potential effect modifiers, because OA may 
have different impact on physical performance in men and women (Srikanth et 
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al., 2005) and its impact may depend on age. In case of effect modification, 
analyses were stratified. Body mass index (BMI), sex, age, physical activity and 
the number of major chronic diseases (including chronic non-specific lung 
disease, cardiac disease, peripheral atherosclerosis, stroke, diabetes and 
malignancies) were considered as potential confounders (Garstang & Stitik, 
2006; Zhang & Jordan, 2008). Sex and age were only considered confounders if 
they were not an effect modifier. Physical activity was assessed with the LASA 
Physical Activity Questionnaire, which covers the frequency and duration of 
walking outside, bicycling, gardening, light household activities, heavy household 
activities, and a maximum of two sport activities during the previous two weeks 
(Stel, Smit, et al., 2004).  
 
Statistical analyses 
Differences in baseline characteristics between OA and non-OA were tested 
using independent T-tests for normally distributed variables, Mann-Whitney U 
tests for skewed continuous variables, and Chi-squared tests for dichotomous 
variables. Generalized estimating equations (GEE) were used to analyze 
differences between the two groups in physical performance score and in the 
individual test scores for the walking test, chair stand test and balance test as the 
outcomes. Time (treated as a categorical variable), OA and the interaction 
between OA and time were used as independent variables. Besides crude 
analyses, also analyses adjusted for BMI, age, sex, physical activity and the 
number of chronic diseases were performed. Interactions with age and sex were 
tested by including the product term of OA and age or sex to the model, 
respectively. In case of a ‘significant’ interaction (P<0.10), further analyses were 
stratified. The level of significance was set at 0.05 and all analyses were done 
using SPSS (version 16.0, SPSS Inc.).  
Because effects of OA were studied from the onset of OA, the number of 
follow-ups for participants with OA was lower compared to participants without 
OA (see Figure 3.1). Therefore an additional analysis was performed with data of 
participants with LASA cycle 2 as baseline (t0), so both groups had 3 possible 
follow-ups. Besides this, in order to exclude the influence of attrition, a 
comparable analysis was done (i.e. with cycle 2 as baseline), but only on the 
complete cases (i.e. the cases with three follow-up measurements).  
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Results 
There were 1004 participants without OA, and 155 with OA. 54 participants had 
knee OA, 125 had hip OA, and 24 participants had both hip and knee OA. The 
incidence for hip and knee combined OA was 1141 per 100,000 person-years. 
Compared with participants without OA, the group with OA contained relatively 
more females (P=0.001), had higher BMI (P=0.004), and tended to have higher 
physical activity (P=0.068, Table 3.1). There was a significant interaction 
between sex and OA in the association with physical performance (P=0.061), but 
not between age and OA (P=0.450). Analyses were therefore done for men and 
women separately. 
Figure 3.2 shows crude mean scores (non-modelled) for the physical 
performance score for men (3.2A) and women (3.2B). Significant differences 
were found in physical performance score (unadjusted for confounders) between 
OA and no OA and in men (Table 3.2). A regression coefficient of -1 indicates 
that physical performance is 1 point lower for the OA group. In men, the OA 
group scored lower at baseline and all 3 follow-ups on physical performance 
score. Chair stands and walking performance, but not balance performance (data 
not shown) were lower in men with OA than in men without OA. For women with 
OA, physical performance score was significantly lower compared with women 
without OA at t3 only. Neither chair stands nor balance performance were lower 
at any cycle, but walking performance was lower at t2 and t3. After adjustment 
for confounders, the associations remained statistically significant in men, but not 
in women, but there was a tendency towards lower physical performance at t3 for 
women (-0.85, P=0.083). To illustrate the effect of OA on walking and chair stand 
time rather than scores, we calculated median times to complete these tests. 
These are presented in Table 3.3. The differences between groups were in line 
with significance of the regression coefficients in Table 3.2. 
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Table 3.1: Characteristics of participants with and without OA at t0 
 All data Baseline LASA cycle 2 Complete cases 
 
No OA 
(N=1004) 
OA 
(N=155) 
No OA  
(N=1004) 
OA  
(N=84) 
No OA 
(N=648) 
OA  
(N=60) 
 
sex (% men) 
a
 
 
55.4 
 
41.3 * 
 
55.4 
 
35.7 * 
 
51.9 
 
30.0 * 
age (years)
 b
 70.7  
(8.3) 
71.6  
(7.8) 
70.7  
(8.3) 
70.6  
(8.6) 
67.9 
(6.9) 
68.6  
(7.7) 
physical  
activity  
(kcal/day)
 c
 
600  
[356-856] 
658  
[413-1018] 
600  
[356-856] 
648  
[408-1055] 
665  
[398-941] 
711 
 [413-1063] 
Number of  
chronic  
diseases 
d
 
0 [0-1] 0 [0-1] 0 [0-1] 0 [0-1] 0 [0-1] 0 [0-1] 
BMI (kg/m
2
) 
b
 26.4  
(3.8) 
27.5 * 
(3.6) 
26.4  
(3.8) 
27.1  
(4.1) 
26.5  
(3.8) 
27.2  
(4.0) 
When analyzing all data (columns 1 and 2), t0 was LASA cycle 2 for the group without OA, and for 
the OA group, t0 was different depending on onset of OA (see also Figure 3.1). For columns 3 and 4, 
baseline was LASA cycle 2 for both groups. For columns 5 and 6, baseline was LASA cycle 2, but 
only complete cases were analyzed. 
a
 differences tested using chi-square test, 
b
 presented as mean 
(standard deviation), differences tested using independent t-test, 
c
 presented as median [interquartile 
range], differences tested using Mann-Whitney U, 
d
 presented as median [interquartile range], 
differences tested using chi-square test, * significant difference between OA and no OA (P<0.05). 
 
 
Two additional analyses were performed. First, data of participants with 
LASA cycle 2 as baseline was analyzed to correct for differences in follow-up 
duration between the two groups. This sample included 1004 participants without 
OA (556 men and 448 women) and 84 with OA (30 men and 54 women) on t0 
(last and first columns in Figure 3.1, respectively). Baseline characteristics are 
listed in Table 3.1 (3
rd
 and 4
th
 column). There was no significant interaction 
between sex and OA in the association with physical performance score 
(P=0.380), but analyses were done for men and women separately to enhance 
comparability with the main analysis. Comparable results were found: differences 
were greater in men with OA than in women with OA. These differences 
remained statistically significant after correction for confounders (Table 3.4). 
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Figure 3.2: Crude mean scores for physical performance for men (A) and women (B) with OA (open 
symbols) or without OA (filled symbols). The error bars indicate standard deviations.  
 
Second, a complete case analysis was performed including participants 
with 3 follow-ups to correct for attrition. This sample included all participants still 
present at t3 in Figure 3.1, which included 648 participants without OA (336 men 
and 312 women) and 60 with OA (18 men and 42 women). Baseline 
characteristics are listed in Table 3.1 (5
th
 and 6
th
 column). Again, there was no 
significant interaction of sex in the association between OA and overall physical  
performance score (P=0.593). For both men and women, physical performance 
was significantly lower at t0 in participants with OA compared to men and women 
without OA (P<0.05). These differences increased to more than 2.5 points for 
men with OA and almost 2 points for women with OA at t3 (Table 3.5).  
  
Table 3.2: Difference in physical performance score in LASA participants with OA compared to those without OA.  
  
Men  Women 
  
unadjusted adjusted  unadjusted adjusted 
       
Physical  
performance 
score 
t0 -1.13 [-1.83, -0.43] * -1.20 [-1.97, -0.44] *  0.01 [-0.68, 0.70] 0.61 [-0.13, 1.36] 
t1 -0.78 [-1.58, 0.03] -0.53 [-1.32, 0.26]  -0.41 [-1.16, 0.34] 0.32 [-0.33, 0.97] 
t2 -2.01 [-2.93, -1.10] * -1.65 [-2.49, -0.81] *  -0.74 [-1.67, 0.19] -0.28 [-1.13, 0.57] 
 t3 -2.54 [-3.58, -1.50] * -2.32 [-3.23, -1.42] *  -1.21 [-2.33, -0.09] † -0.85 [-1.81, 0.11] 
       
Chair t0 -0.55 [-0.89, -0.20] * -0.56 [-0.96, -0.17] *  -0.04 [-0.33, 0.26] 0.11 [-0.22, 0.44] 
 t1 -0.65 [-0.97, -0.32] * -0.52 [-0.84, -0.19] *  -0.14 [-0.45, 0.17] 0.05 [-0.25, 0.34] 
 t2 -0.62 [-0.98, -0.26] * -0.65 [-1.00, -0.31] *  -0.30 [-0.68, 0.08] -0.16 [-0.51, 0.19] 
 t3 -0.91 [-1.50, -0.33] * -0.94 [-1.45, -0.42] *  -0.18 [-0.63, 0.26] -0.15 [-0.57, 0.26] 
       
Walk t0 -0.50 [-0.84, -0.17] * -0.58 [-0.96, -0.20] *  -0.02 [-0.33, 0.29] 0.23 [-0.12, 0.57] 
 t1 -0.04 [-0.39, 0.30] -0.08 [-0.43, 0.27]  -0.14 [-0.44, 0.16] -0.01 [-0.32, 0.30] 
 t2 -0.72 [-1.09, -0.34] * -0.56 [-0.96, -0.15] *  -0.32 [-0.64, -0.01] † -0.19 [-0.51, 0.14] 
 t3 -0.97 [-1.52, -0.41] * -0.87 [-1.49, -0.26] *  -0.50 [-0.90, -0.10] † -0.36 [-0.77, 0.04] 
       
Presented are the regression coefficients [95% CI] for the unadjusted and adjusted models indicating the differences in performance scores in points between 
participants without (556 men, 448 women) and with OA (64 men, 91 women). * P<0.01, † P<0.05 
 
  
Table 3.3: Times on the chair stand and walking tests for men and women with OA. 
  
Men  Women 
  
No OA (N=556) OA (N=64)  No OA (N=448) OA (N=91) 
       
Chair t0 11.0 [10.0, 13.0] 12.5 [10.8, 16.0] *  12.0 [10.0, 14.0] 12.0 [10.0, 14.8] 
t1 12.0 [10.0, 14.0] 13.0 [11.0, 17.0] *  12.0 [10.0, 14.0] 13.0 [10.0, 16.0] 
 t2 11.0 [10.0, 14.0] 14.0 [12.0, 16.8] *  12.0 [10.0, 14.0] 13.5 [10.0, 17.0] 
 t3 12.0 [10.0, 14.0] 15.0 [13.5, 16.0] *  12.0 [10.0, 14.0] 13.0 [10.0, 17.0] 
       
Walk t0 7.0 [5.0, 8.0] 8.0 [6.0, 9.0] *  7.0 [6.0, 9.0] 7.0 [6.0, 10.0] 
 t1 7.0 [6.0, 10.0] 8.0 [6.0, 11.0]  8.0 [7.0, 10.0] 9.0 [7.0, 11.8] 
 t2 8.0 [6.0, 9.0] 9.0 [7.0, 11.0] *  8.0 [6.0, 10.0] 9.0 [8.0, 11.0] * 
 t3 7.0 [6.0, 9.0] 9.0 [8.0, 10.5] *  8.0 [6.0, 9.0] 9.0 [7.0, 11.8] * 
Median chair stand and walking times in seconds [interquartile range],  
* Significant difference between OA and no OA (P<0.05). A Bonferroni post correction was applied.  
  
Table 3.4: Difference in physical performance score in LASA participants with OA compared to those without OA with 
LASA cycle 2 as baseline. 
  
Men  Women 
  
unadjusted adjusted  unadjusted adjusted 
       
Physical  
performance 
score 
t0 -1.16 [-2.21, -0.12] † -1.28 [-2.49, -0.07] †  -0.34 [-1.20, 0.51] -0.04 [-0.94, 0.86] 
t1 -0.90 [-2.17, 0.37] -0.96 [-2.29, 0.37]  -0.84 [-1.80, 0.12] -0.31 [-1.08, 0.46] 
t2 -1.70 [-2.88, -0.51] * -1.65 [-2.78, -0.53] *  -0.91 [-2.01, 0.18] -0.87 [-1.79, 0.06] 
 t3 -2.50 [-3.68, -1.32] * -2.39 [-3.30, -1.49] *  -1.47 [-2.69, -0.25] † -1.27 [-2.25, -0.29] † 
       
Chair t0 -0.47 [-0.95, 0.01] -0.43 [-1.02, 0.16]  -0.28 [-0.65, 0.09] -0.31 [-0.69, 0.08] 
 t1 -0.62 [-1.15, -0.09] † -0.54 [-1.14, 0.07]  -0.26 [-0.64, 0.13] -0.16 [-0.49, 0.18] 
 t2 -0.22 [-0.66, 0.23] -0.31 [-0.77, 0.16]  -0.32 [-0.77, 0.13]  -0.30 [-0.67, 0.07] 
 t3 -0.79 [-1.39, -0.19] * -0.82 [-1.34, -0.30] *  -0.28 [-0.77, 0.21]  -0.30 [-0.73, 0.13] 
       
Walk t0 -0.37 [-0.87, 0.13] -0.44 [-1.00, 0.12]  0.05 [-0.34, 0.45] 0.27 [-0.20, 0.74] 
 t1 -0.04 [-0.59, 0.51] -0.31 [-0.92, 0.31]  -0.34 [-0.71, 0.03] -0.30 [-0.68, 0.08] 
 t2 -0.78 [-1.31, -0.25] * -0.66 [-1.26, -0.06] †  -0.44 [-0.81, -0.07] † -0.39 [-0.76, -0.02] † 
 t3 -0.96 [-1.54, -0.37] * -0.90 [-1.54, -0.26] *  -0.55 [-0.97, -0.13] * -0.45 [-0.86, -0.04] † 
Presented are the regression coefficients [95% CI] for the unadjusted and adjusted models indicating the differences in performance scores in points between 
participants without (556 men, 448 women) and with OA (30 men, 54 women). * P<0.01, † P<0.05  
  
Table 3.5: Difference in physical performance score in LASA participants with OA compared to those without OA with 
LASA cycle 2 as baseline for complete cases. 
  
Men  Women 
  
unadjusted adjusted  unadjusted adjusted 
       
Physical  
performance 
score 
t0 -1.31 [-2.45, -0.16] † -1.13 [-2.33, 0.07]  -0.95 [-1.86, -0.03] † -0.53 [-1.47, 0.40] 
t1 -1.23 [-2.84, 0.37] -1.95 [-3.35, -0.56] *  -1.33 [-2.38, -0.28] † -0.68 [-1.56, 0.21] 
t2 -1.84 [-3.13, -0.54] * -1.80 [-3.09, -0.52] *  -1.35 [-2.51, -0.19] † -1.10 [-2.05, -0.15] † 
 t3 -2.64 [-3.90, -1.38] * -2.56 [-3.43, -1.68] *  -1.87 [-3.14, -0.59] * -1.43 [-2.43, -0.43] * 
            
Chair t0 -0.40 [-0.91, 0.11] -0.23 [-0.90, 0.45]  -0.46 [-0.86, -0.05] † -0.35 [-0.78, 0.08] 
 t1 -0.58 [-1.26, 0.10] -0.54 [-1.35, 0.26]  -0.33 [-0.75, 0.09] -0.15 [-0.55, 0.25] 
 t2 -0.39 [-0.90, 0.11] -0.43 [-0.95, 0.10]  -0.46 [-0.94, 0.02] -0.38 [-0.78, 0.01] 
 t3 -0.34 [-0.94, 0.26] -0.82 [-1.34, -0.31] *  -0.38 [-0.89, 0.14] -0.31 [-0.75, 0.14] 
            
Walk t0 -0.34 [-0.94, 0.26] -0.19 [-0.90, 0.53]  -0.11 [-0.56, 0.34] 0.15 [-0.38, 0.68] 
 t1 -0.10 [-0.88, 0.68] -0.64 [-1.45, 0.16]  -0.53 [-0.97, -0.08] † -0.39 [-0.84, 0.07] 
 t2 -0.88 [-1.46, -0.30] * -0.87 [-1.56, -0.18] †  -0.54 [-0.95, -0.14] * -0.40 [-0.79, -0.01] † 
 t3 -0.97 [-1.58, -0.36] * -0.94 [-1.60, -0.27] *  -0.64 [-1.07, -0.21] * -0.47 [-0.88, -0.05] † 
Presented are the regression coefficients [95% CI] for the unadjusted and adjusted models indicating the differences in performance scores in points between 
participants without (336 men, 312 women) and with OA (18 men, 42 women). * P<0.01, † P<0.05 
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Adjustments for confounders slightly attenuated the differences between the 
groups, but associations remained statistically significant towards the end of the 
follow-up. In the complete cases sample, scores for physical performance and 
the 3 components were lower on t1, t2 and t3 (after 3, 6 and 10 years) compared 
to t0 for both people with and without OA as indicated by significant coefficients 
for time in the model. The change in overall physical  performance score in the 
non-OA participants after 10 years was -1.24 [-1.58, -0.90] for men and -1.47 [-
1.87, -1.08] for women (P<0.001, data not shown). For men and women with OA, 
the change in performance after 10 years was -2.57 [-3.74, -1.40] and -2.40 [-
3.34, -1.46] (P<0.001).  
Discussion 
The aim of the present study was to investigate associations between knee or hip 
OA and the course of physical performance during a follow-up period of 10 years. 
For the total sample, the association between OA and physical performance 
score was significant in men, but in women only at t3. Lower physical 
performance was explained by lower values for chair stand and walking 
performance, but not by lower balance performance (Table 3.2). At baseline, 
75% of the participants had the maximal score (≥10 seconds, 4 points) for the 
balance test. Balance performance in tandem stand may be not sensitive enough 
to detect changes in the relatively healthy participants of LASA. Recently, a 
relationship between knee OA and balance was not found in another study 
(McDaniel, Renner, Sloane, & Kraus, 2011).  
After an initial decline, performance levels slightly increased on the third 
and fourth cycle for men and women without OA (Figure 3.2A, 3.2B). This slight 
increase may be caused by the healthy survivor effect (Murphy et al., 2011): 
participants who dropped out or deceased after t1 are likely to have had lower 
performance scores than those remaining in the study. Alternatively, this may 
also be due to changes in interviewers who did the assessments. To correct for 
this possible healthy survivor effect, a complete case analysis was performed. 
For this sample and the sample that included only cases with LASA cycle 2 as 
baseline, no significant interaction between sex and OA was found in the 
association with physical performance. This may indicate that the significant 
interaction of sex and OA in the whole sample could be explained by differences 
in length of follow-up. Indeed, of the initial sample, 60% of the men without OA 
and 28% of the men with OA had 3 follow-ups, and for women these proportions 
were 70% and 46%, respectively (Figure 3.1). This clearly shows that relatively 
Effects of self-reported osteoarthritis on physical performance.  
 
 
51  
more women than men with OA had complete follow-up, which could have 
caused the significant interaction between sex and OA.  
In the main analysis as well as in the two additional analyses, differences 
in performance between participants with and without OA were greater in men 
compared to women. A possible explanation may be that men tend to 
underreport (Odds Ratio=0.39) and women tend to overreport (OR=2.08) arthritis 
(Kriegsman et al., 1996). Women may attribute pain or stiffness more easily to 
OA or rheumatism than men (Kriegsman et al., 1996) and therefore, we may 
have ‘caught’ women with OA in an earlier stage where symptoms minimally 
influence physical functioning. Perhaps men who do report having OA are in a 
more advanced stage, resulting in a greater contrast in functioning with men 
without OA. Therefore, the group without OA could in reality have been a group 
that consisted of men without OA and men with mild OA. The reverse could be 
true in women, i.e. the group of women with OA could consist of women with and 
without OA. Consequently, because of the smaller size of the OA group, this 
could have resulted in a greater contrast between groups. 
In the subsample with complete follow-up, physical performance score 
and the 3 underlying components were lower after 3, 6 and 10 years of follow-up 
compared to baseline for both participants with and without OA. This is not in line 
with other studies, where no changes in performance or functioning were 
observed in participants with OA within 3 years of follow-up (Dunlop et al., 2011; 
van Dijk et al., 2006; van Dijk et al., 2010), but the results are in accordance with 
the study by Miller et al. (2001) who found poorer stair climb and transfer time 
after 15 and 30 months of follow-up. These contrasting findings may be 
explained by differences in the age of participants at baseline between the 
studies. The age of the participants in the present study and the study by Miller et 
al. (2001) was higher than in the other studies. It is likely that aging has a greater 
effect on physical performance later in life. Also differences in the specific 
performance measure, differences in OA severity and evolution in time, and 
differences in percentage of men and women may have caused differences 
between our study and others.  
The most important finding of the present study is that physical 
performance was lower in participants with OA 3 to 6 years after it was first 
reported. This indicates that after onset of OA, there is a slow deterioration of 
functioning. The scores on the 3 tests were converted to points to make it 
possible to include the participants who were unable to perform a certain test 
(these were assigned 0 points), but it is difficult to judge the relevance of a 
decrease in points rather than changes in time. Therefore we also presented 
mean values for chair stands and walking test in Table 3.3. The significant 
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differences between the groups were on the same time points as in Table 3.2: 
Chair stand (+1.5s) and walking performance (+1.0s) was lower in men with OA 
at t0, and the difference increased over time (respectively to +3.0 and +2.0s). For 
women with OA, only walking performance was lower on t2 (+1.0s) and t3 
(+1.0s). These results indicate that OA has negative  effects on activities of daily 
life such as walking and chair stands, but probably also will hamper stair climbing 
and other physical activities. Moreover, the decrease of physical performance 
score may also increase the risk of falling. In a study investigating the 
relationship between physical performance  and falling using data of LASA cycle 
2, physical performance was 1 point lower in recurrent fallers compared to non-
fallers (Peeters, van Schoor, Pluijm, Deeg, & Lips, 2010). In the present study, 
physical performance scores after 10 years were 1.87 and 2.64 points lower for 
women and men with OA respectively compared to participants without OA 
(Table 3.5). This indicates that OA may be related to an increased fall risk, which 
is in line with a review of fall risk studies, where presence of arthritis was 
identified as predictor for future falls (American Geriatrics Society, 2001). 
Prevention of falls is important, because fall- related injuries decrease quality of 
life and are associated with substantial economic costs (J. A. Stevens, Corso, 
Finkelstein, & Miller, 2006). The decrease of the physical performance score of 1 
to 2 points is clinically relevant and easily measurable. This makes this 
instrument suitable as a clinical marker in randomized clinical trials with disease 
modifying drugs in patients with osteoarthritis. 
A major strength of the current study is that the course of physical 
performance was studied over 10 years from the onset of OA, and also that it 
was compared with participants without OA. This made it possible to distinguish 
between decreases in performance due to OA and aging. Another strength is that 
LASA is a population-based sample, which allows generalization of the results to 
the older population. An important limitation is that presence of OA was based on 
self-report, which was chosen because of the large number of participants of the 
study (N=3107 at the start of the study in 1992), and the large number of 
variables that were obtained. The agreement between self-reported OA and 
general practitioner data has been studied in LASA (Cohen’s Kappa 0.31 
(Kriegsman et al., 1996)) and in other studies (Cohen’s Kappa 0.24 and 0.47 
(Oksanen et al., 2010; Simpson et al., 2004)), which is considered to be ‘fair’ to 
‘moderate’. Although radiologic OA has long been regarded to be the reference 
standard (Zhang & Jordan, 2008), associations between radiologic OA and 
functioning are contradictory (Barker, Lamb, Toye, Jackson, & Barrington, 2004; 
Bruyere et al., 2002; Felson et al., 1995; Miller et al., 2001; Palmieri-Smith et al., 
2010; White et al., 2010). It has also been shown that there is little relation 
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between radiologic OA and performance, but that self-reported pain and 
functioning were significantly related to performance (Barker et al., 2004). This 
might indicate that self-reported OA may be more related to symptoms and 
performance than radiologic OA. As described earlier, differences between men 
and women regarding over- or underreporting of arthritis may also have affected 
our results (Kriegsman et al., 1996). The incidence in the present study for hip 
and knee combined (1141 per 100,000 person-years) OA is in the same range as 
in the study by Oliveira et al (Oliveria, Felson, Reed, Cirillo, & Walker, 1995) who 
reported 891, 1637, and 1460 per 100,000 person-years in the age-categories 
60-69 years, 70-79 years, and 80-89 years, respectively. The number of knee OA 
cases was lower than hip OA, which is quite unusual (Oliveria et al., 1995). 
However, this is likely due to the higher prevalence of knee (17%) versus hip OA 
(12%) at the preceding cycle 1, and exclusion from the current analyses of 
prevalent cases, as our focus was on incident OA. In addition, participants were 
only included if they had at least one follow-up and consistently reported OA at 
subsequent measurements to further reduce misclassification bias. 185 
participants were excluded because of inconsistent reports of OA, and this 
substantially lowered the number of OA cases over the 10 year period. 
It is concluded that physical performance was lower for participants with 
knee or hip OA 3 to 6 years after it was first reported compared to participants 
without OA. In addition there was a progressive decrease of the physical 
performance score especially in men with OA during follow-up. Differences were 
greater in men than in women, which may be due to differences in follow-up and 
self-report. The poorer physical performance score in people with OA was mainly 
explained by poorer walking and chair stand performance, but not by lower 
balance performance. The decline in performance with OA probably was large 
enough to affect daily functioning and to increase fall risk, although these 
parameters were not investigated in the present study.  
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Abstract  
Introduction: A battery of tests, such as the short physical performance battery 
is easy to administer in a home setting with limited space and time with elderly 
participants. However, more elaborate tests may be needed to detect 
impairments in patients with mild complaints. The aims of the present study were 
to investigate differences in muscle function and functional tests in participants 
with low impairments with and without knee osteoarthritis (OA) and to investigate 
relationships between muscle function and functional tests.  
Methods: In participants with (N=34) and without (N=30) radiographic knee OA, 
muscle function was assessed with voluntary and electrically stimulated isometric 
knee contractions, including a fatigue test. Physical functioning was assessed 
with a 6-minute walk test (6MWT), a stair climb test (SCT) and a short 
performance battery (repeated chair stand test, a 6 meter walk test, and a 
balance test, summed to a physical performance score).  
Results: There were no differences in strength, voluntary activation, fatigability, 
6MWT and SCT between participants with and without OA. Physical performance 
score was significantly lower in participants with OA (8 [7-10] vs. 10 [8-11], 
P<0.047), and there was a trend for a slower 6 meter walk test (5.4±0.9 vs. 
5.1±0.8 s, P=0.075). There were significant (P<0.05) associations between 
maximal knee extension strength and SCT (ρ=-0.55), 6MWT (ρ=0.54) and 6 
meter walk test (ρ=-0.48), but not between voluntary activation and functional 
tests (ρ>0.05). 
Conclusions: No differences in strength, voluntary activation and fatigability 
were observed between participants with and without OA. The functional tests 
showed no differences between the groups, but the summary score of the 
performance battery was lower in participants with OA. Muscle function tests 
were not more sensitive to detect differences than other functional tests. For 
patients with OA, these results indicate that although moderate to severe 
radiographic OA is present, strength and performance can remain unaffected. 
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Introduction 
There are several instruments that can evaluate functioning in people with OA, 
and the use of physical performance tests is regarded as an important 
component of the assessment of functioning (Wright et al., 2010). Possible 
disadvantages of physical performance measures are that they can be affected 
by short term impairments and motivation, and that there is limited translation to 
other tasks(Wright et al., 2010). A combination of tests, such as the short 
physical performance battery (SPPB) (Guralnik, Simonsick, et al., 1994) could 
assess function over a wider area and can be applied in a home setting with 
limited space and with older participants (Cesari et al., 2008; Peel et al., 2005; 
Schaap et al., 2008). Recently, we found differences in physical performance 
assessed longitudinally with a comparable battery of tests applied in a home 
setting, between older participants with and without OA 3 to 6 years after OA was 
first reported (van Leeuwen, Peeters, et al., 2012).  
In the laboratory, the 6-minute walk test (Mizner & Snyder-Mackler, 
2005; Yoshida et al., 2008), the stair climb test (Mizner & Snyder-Mackler, 2005; 
Yoshida et al., 2008) and strength testing (de Haan et al., 2000; de Ruiter et al., 
2000; Mizner & Snyder-Mackler, 2005; Yoshida et al., 2008) are widely used as 
specific tests to quantify functional performance in patients (de Haan et al., 2000; 
de Ruiter et al., 2000; Gerrits et al., 2009; Mizner & Snyder-Mackler, 2005; 
Yoshida et al., 2008). For knee OA for example, weakness of the knee extensor 
muscles is often observed (Palmieri-Smith et al., 2010), and muscle strength is 
significantly related to functional performance such as the timed- up- and- go 
test, the stair climb test and the 6-minute walk test (Maly et al., 2006). Whilst loss 
of muscle mass is probably an important aspect of the loss of strength, also the 
failure to fully voluntarily activate the muscle may play an important role in 
patients with OA (Mizner, Petterson, & Snyder-Mackler, 2005; J. E. Stevens et 
al., 2003), because knee pain is associated with a decrease in voluntary 
activation (Park & Hopkins, 2012). A lower activation will lead to lower maximal 
strength and may also have influence in daily functional tasks such as stair 
climbing or raising from a chair. Strength testing can further provide valuable 
information about the underlying factors related to physical performance, such as 
resistance to fatigue, which provides information regarding the aerobic capacity 
of muscles (i.e. endurance) and may therefore be one of the determining factors 
in the 6-minute walk test. In contrast to voluntary torque, torque elicited by 
electrical stimulation is unaffected by motivation and pain (Shield & Zhou, 2004). 
Chapter 4 
 
 
58 
Therefore using electrically evoked contractions is a reliable way to measure 
fatigue resistance of muscles and muscle strength. 
There are indications that the SPPB is unable to discriminate between 
participants with high levels of functioning, and that a longer walk test is a better 
alternative for this purpose (Sayers et al., 2006). Further, the reliability of the 
SPPB is lower (Cronbach’s alpha 0.76 (Guralnik et al., 1994)) than the reliability 
of maximal voluntary strength (ICC=0.99 (Behm et al., 1996)), 6 minute walk 
distance (r=0.95 (Harada et al., 1999)) and stair climbing (ICC=0.95, (Lin et al., 
2001)). It is also known that large differences in muscle strength can be present 
between patients with severe OA and healthy controls, (Palmieri-Smith et al., 
2010), but it is less clear if quadriceps dysfunction is also present in participants 
with early stage OA (Thomas et al., 2010). More elaborate tests may be 
necessary to detect small changes, especially in patients with mild symptoms.  
The primary objective of the present study was to investigate differences 
in muscle function (strength, voluntary activation and fatigability) between 
participants with and without OA as well as differences in physical performance 
assessed with a small physical performance battery, a 6 minute walk test and a 
stair climb test. We hypothesized that strengths tests are more sensitive than the 
short battery in detecting differences between elderly subjects with and without 
early OA. A secondary objective was to investigate expected relationships 
between the muscle function (maximal strength, voluntary activation and fatigue 
resistance) and functional tests.  
Methods 
Participants 
Thirty-three men and 31 women from the Longitudinal Aging Study Amsterdam 
(LASA) participated in the current side study. The LASA study is an ongoing 
longitudinal study on predictors and consequences of changes in physical, 
emotional, cognitive and social functioning in older persons (Deeg et al., 2002). 
The design, recruitment and attrition have been described in more detail 
elsewhere (Huisman et al., 2011). Participants in the LASA study living near our 
laboratory were informed by mail, screened by telephone for eligibility, and 
matched for sex, age and self-reported OA. A radiograph determined whether 
OA was present (see below). Inclusion criteria were: age between 65 (minimum 
age of LASA sample at time of measurements) and 85, body mass index (BMI) 
<35, able to climb stairs and able to visit the lab. These latter two inclusion 
criteria ensured that all participants could execute all tests and that only relatively 
fit participants were selected. Exclusion criteria were hip OA, total knee or hip 
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replacement, uncontrollable high blood pressure, or contra-indications for 
electrical stimulation (unstable epilepsy, cancer, skin abnormalities, or a 
pacemaker). The Medical Ethics Committee of the VU University Medical Center 
approved the study, and all participants signed informed consent.  
 
Measures 
Osteoarthritis 
OA was assessed with radiographs. Two radiographs (lateral and 
anterior/posterior) were taken from the most affected knee (OA group) or a 
random knee (control group). The knee radiographs were inspected by 
experienced radiologists for features of OA including joint space narrowing, 
osteophytes, sclerosis, and cysts. OA was graded using the Kellgren and 
Lawrence scoring system (K/L), with values assigned between 0 and 4,  higher 
scores indicating more severe OA (Kellgren & Lawrence, 1963). Radiographic 
OA was defined as K/L grade 2 or higher. 
 
Torque measurements 
Measurement of the contractile properties of the knee extensor and flexor 
muscles took place on a custom made adjustable dynamometer. The lower leg 
was tightly strapped to a force transducer (KAP, E/200 Hz, Bienfait BV Haarlem, 
The Netherlands), mounted to the frame of the chair, about 25 cm distally of the 
knee joint. Participants wore hard shin protectors, as used in competitive soccer, 
to prevent pain in the shin during the investigation. Participants sat in the 
dynamometer with a hip angle of 80 (0 is full extension), firmly attached to the 
seat with straps at the pelvis to prevent extension of the hip during contraction 
and a strap at the chest. All measurements were performed on the most affected 
leg (OA) or randomized (non-OA) at a knee angle of 60 (0 is full extension), 
during isometric contraction. Force data were digitized (1 kHz.), filtered with a 4
th
 
order bi-directional 150 Hz Butterworth low-pass filter and stored on a pc for 
offline analysis. Force signals were corrected for gravity: the average force 
applied by the weight of the limb was set at zero. Torque was calculated by 
multiplying force with the distance between the force transducer and the knee 
joint. After 3 submaximal attempts, and series of maximal doublets (see below) 
participants were asked to perform at least 3 maximal isometric knee extensions 
and flexions. Maximal Voluntary Torque (MVT) was defined as the highest torque 
recorded.  
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Electrical stimulation 
Constant current electrical stimulation (pulse width 200 μs) was applied through 
self-adhesive surface electrodes (Schwa-Medico, Leusden, The Netherlands) by 
a computer-controlled stimulator (model DS7A, Digitimer Ltd., Welwyn Garden 
City, UK). The distal electrode (8 x 13 cm) was placed over the medial part of the 
quadriceps muscle just above the patella, and the proximal electrode (8 x 13 cm) 
over the lateral portion of the muscle to prevent inadvertent stimulation of the 
adductors. Before placing the electrodes the skin in the area of the electrodes 
was shaved. The stimulation current was increased until torque in response to 
doublet stimulation (two pulses at 100 Hz) leveled off. After assessing maximal 
doublet torque, the stimulation intensity was lowered and set to produce 50% of 
the maximal doublet torque to calculate voluntary activation of the quadriceps 
(VA). This stimulation intensity ensured that a substantial amount of muscle 
mass was stimulated, but significantly reduced discomfort at the same time (van 
Leeuwen, de Ruiter, & de Haan, 2012). VA was calculated with use of the 
superimposed twitch technique (Folland & Williams, 2007; van Leeuwen, de 
Ruiter, et al., 2012). In short, upon a maximal voluntary contraction, a 
superimposed doublet was delivered to the muscle. Approximately 2 seconds 
after each contraction, a (potentiated) doublet was delivered to the relaxed 
muscle. VA was calculated with use of the following equation: 
 
VA (%) = [1-(superimposed torque/potentiated resting doublet) ] * 100% (Folland 
& Williams, 2007).   
 
Measures of strength and VA show excellent reliability (Kean et al., 2010).  
 
Fatigue resistance measurements 
Fatigability of the quadriceps was assessed by stimulating the quadriceps muscle 
with 50-Hz trains, 1-s on 1-s off, for 3 min (90 contractions). Pilot experiments 
showed that torque leveled off typically between 1 and 2.5 minutes. Stimulation 
intensity was set at such a level that 1 second stimulation at 50 Hz. evoked ~30% 
of maximal voluntary torque. Parameters of interest were the decrease in torque 
(slope) and the ‘fatigue index’. The average slope over the first 30 seconds was 
calculated with linear regression and the fatigue index was calculated by dividing 
the mean of the last three contractions by the mean of the first three contractions. 
Thus, a lower fatigue index and a steeper slope indicate higher fatigability. 
Fatigue resistance of a muscle is related to its oxidative capacity (Degens & 
Veerkamp, 1994).  
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Stair climb test 
To investigate stair-climbing (SCT), the time required to ascend 9 steps, turn 
around, and descend 9 steps was measured. Participants were allowed to use 
the handrail and instructed to “walk as quickly and safely as you can”. The test 
was repeated twice, and the fastest time was used for analysis. The SCT has 
been shown to be a reliable measure in older people with hip and knee OA (Lin 
et al., 2001) 
 
Six minute walk test  
The six minute walk test (6MWT) was used to quantify prolonged walking ability. 
Participants walked back and forth over 30 meters as many times as possible for 
a period of 6 minutes at their own pace in a 50-m–long corridor. The score 
recorded was the total distance traveled during 6 minutes. Participants were 
instructed to “walk as quickly and safely as you can for 6 minutes.” The 6MWT 
has been shown to be reliable (Harada et al., 1999) and related to VO2max 
(Kervio, Carre, & Ville, 2003). 
 
Performance battery 
A short physical performance battery (Guralnik, Simonsick, et al., 1994; Peeters 
et al., 2007) was used to assess physical performance. This test battery included 
a repeated chair stand test (5 times with the arms folded in front of the chest), a 
balance test (tandem stand to be held for a maximum of 10 seconds) and a brief 
walking test (walk 3 meter, 180
0
 turn and walk back). To calculate physical 
performance, the time needed for the chair stand test and the walk test was 
divided into quartiles (1 point =slowest, 4 points =fastest). For the balance test, 
no points were scored if balance was lost within 3 seconds, 2 points when the 
participant was able to hold the position for 3 to 9 seconds and 4 points for 10 
seconds. 0 points were scored when a participant was not able to perform the 
test. The three individual scores were summed to an overall physical 
performance score (range 0-12). Lower scores on this battery are associated 
with higher risk of disability and mortality in older people (Guralnik, Simonsick, et 
al., 1994). 
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Quality of life and physical activity 
OA related quality of life was assessed with the Western Ontario and McMaster 
Universities Osteoarthritis Index (WOMAC). The WOMAC is a disease specific 
questionnaire used to assess pain, stiffness and function. Scores were 
transformed to a 0 to 100 scale, where 100 was considered the best outcome, 
indicating no impairments and high quality of life (Knoop et al., 2011). 
Physical activity was assessed with the LASA Physical Activity Questionnaire, 
which covers the frequency and duration of walking outside, bicycling, gardening, 
light household activities, heavy household activities, and a maximum of two 
sport activities during the previous two weeks (Stel, Smit, et al., 2004). 
 
Statistics 
Differences between OA and non-OA were tested using independent T-tests for 
normally distributed variables, Mann-Whitney U tests for skewed continuous 
variables, and Chi-squared tests for dichotomous variables. Relationships 
between variables were tested with Spearman’s correlation coefficient, because 
several variables were not normally distributed. The level of significance was set 
at α=0.05. All analyses were done with SPSS (version 16.0, SPSS Inc.).  
Results 
The numbers of participants with OA grading K/L 0 to 4 respectively were 17, 13, 
20, 11 and 3, resulting in 30 participants without (17+13) and 34 with OA 
(20+11+3). No significant differences in sex, age, physical activity, BMI and 
WOMAC were observed between participants with and without OA (Table 4.1). 
Impairments in both groups were low, as indicated by high WOMAC scores. 
 
Table 4.1: Characteristics of participants with and without OA  
 No OA (N=30) OA (N=34) 
sex (men/women) 
a
 14/16 19/15 
age (years) 
b
 69.5 (5.0)  70.0 (5.0) 
physical activity (kcal/day) 
c
 798 [504-1013] 575 [431-1077] 
BMI (kg/m
2
) 
b
 25.7 (3.6)  26.4 (3.6) 
WOMAC (points) 
c
 100 [99-100]  99 [93-100]   
a
 differences tested using chi-square test 
b
 presented as mean (standard deviation), differences tested using independent t-test 
c
 presented as median [interquartile range], differences tested using Mann-Whitney U test  
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Table 4.2 shows strength and physical functioning measures for participants with 
and without OA. The median physical performance score was 2 points (P=0.047) 
lower in participants with OA, and there was a trend for longer walk times on the 
6 meter walk test in participants with OA (5.4 (0.9) vs. 5.1 (0.8), P=0.075). No 
significant differences were observed in strength, tandem stand, chair stand test, 
6MWT and SCT. Also electrically stimulated torque was not different between 
groups. Not all participants completed the fatigue test, because not all 
participants tolerated the stimulation trains (no differences between groups). Not 
all torque signals were analyzed (43 were analyzed), because some subjects 
were unable to completely relax in between stimulation trains (no differences 
between groups). Fatigue index and slope did not differ between participants with 
and without OA (P>0.05).  
 
Table 4.2: Strength parameters, physical functioning measures and 
WOMAC scores of participants with and without OA. 
 
 No OA (N=30) OA (N=34) 
Max. knee extension (Nm) 
a
 153 (63)  150 (69) 
Max. doublet (Nm) 
a
 49 (16) 46 (14) 
Max. knee flexion (Nm) 
a
 60 (25) 60 (27) 
Voluntary activation (%) 
b
 83 [75-91] 77 [63-87] 
Fatigue index (%) 
a
 51.7 (11.7) 52.1 (10.0) 
Slope (%/rep) 
a
 -1.19 (0.43) -1.10 (0.40) 
Stair climb test (s)
 b
  7.7 [7.2-9.0] 8.5 [7.2-10.0] 
6MWT (m) 
a 
562 (78) 546 (82) 
Physical performance (points) 
b
 10 [8-11]  8 [7-10.25] *  
 Chair stand test (s) 
b
 10.4 [9.0-11.6] 11.1 [10.0-12.2] 
 6 meter walk test (s) 
a
 5.1 (0.8) 5.4 (0.9)   
 Balance (s) 
b
 10 [10-10] 10 [10-10] 
a
 presented as mean (standard deviation), differences tested using independent t-test 
b
 presented as median [interquartile range], differences tested using Mann-Whitney U  
* P<0.05 
 
Table 4.3 shows Spearman correlation coefficients between the functional tests, 
maximal voluntary strength and voluntary activation. The relationships between 
strength and other tests remained similar and significant if maximal knee 
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extension strength was replaced by maximal doublet torque or maximal knee 
flexion torque (data not shown). Maximal knee extension torque was not 
associated with the chair stand test, and moderately related to all other functional 
tests. VA was only associated with maximal knee extension torque and not with 
other tests. Also if strength was normalized to BMI, relationships with other 
functional tests were comparable and remained significant. The distance walked 
during the 6MWT was not associated with the fatigue index (ρ = 0.12, P = 0.47) 
or the slope (ρ = 0.06, P = 0.71). 
 
Table 4.3: Spearman correlation coefficients between functional tests and 
strength measures (N=64). 
 
 MVT VA 
 
    
Chair stand test  -0.12 -0.01 
6 meter walk test  -0.48* -0.20 
SCT  -0.55* -0.20 
6MWT  0.54*   
VA  0.38*   
MVT: maximal voluntary knee extension torque, VA: voluntary activation, SCT: stair climb test, 
6MWT: six minute walk test,. * P<0.05 
Discussion 
The primary objective of the present study was to investigate differences in 
muscle function between participants with and without OA as well as differences 
in physical functioning assessed with a short physical performance battery, a 6 
minute walk test and a stair climb test. No differences in maximal strength, VA, 
and fatigability were observed between the participants with and without OA. This 
was contrary to our expectations and not in line with the literature (Diracoglu, 
Baskent, Yagci, Ozcakar, & Aydin, 2009; Palmieri-Smith et al., 2010; Pap, 
Machner, & Awiszus, 2004). Although it was known that the participants were 
relatively fit due to the inclusion criteria, impairments were even lower than 
expected. WOMAC scores in the OA group (99 [93-100]) were much higher than 
in other studies, where values between 45 and 65 were reported (Barker et al., 
2004; Lin et al., 2001; Maly et al., 2006). The moderate impairments of our 
participants are further illustrated by high values for several tests compared to 
other studies. Maximal strength was about 30% to 100% higher compared to 
other studies (Palmieri-Smith et al., 2010; Pap et al., 2004; Thomas et al., 2010)), 
6MWT was 100m (about 20 %) better in participants with OA (Maly et al., 2006), 
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and stair climb time over 9 steps in the present study was almost twice as good 
compared to other studies (time for 9 steps in the present study was comparable 
with other studies where only 4 or 5 steps were used (Lin et al., 2001; Maly et al., 
2006; Miller et al., 2001)).  
 There were no differences between participants with and without OA in 
6MWT, SCT, chair stand and tandem stand, but there was a trend for a longer 6 
meter walk time. This trend might be caused by the turning action in the 6 meter 
walk test which considerably contributes to the total walking time. In people with 
knee OA, such a turning action might be a limiting factor. The physical 
performance score was significantly lower in participants with OA (Table 4.2), 
which is in line with our earlier findings (van Leeuwen, Peeters, et al., 2012). It is 
surprising that the battery score was significantly lower for participants with OA 
compared to the non-OA participants, whereas the individual underlying 
functional tests and the muscle function tests were not different. This is 
somewhat surprising because the reliability of the physical performance battery is 
lower than the other functional tests and strength measurements (Guralnik, 
Simonsick, et al., 1994; Harada et al., 1999; Lin et al., 2001). Moreover, Sayers 
et al (2004) reported that a 400 meter walk test was more discriminative than the 
physical performance score. However, in the study by Guralnik et al (1994) the 
summary  score of the battery was better related to self-reported disability than 
the individual scores of the battery components. This indicates that the 
summation of scores may make a test more sensitive, although it may be less 
reliable. The difference of 2 points in the physical performance battery between 
patients with and without OA is clinically meaningful. Recurrent fallers in the 
Longitudinal Aging Study Amsterdam had a 1.1 lower physical performance 
score than non- and once fallers (Stel et al., 2003). Participants with fractures in 
LASA showed a mean physical performance score of 6 compared to a mean 
score of 8 in participants without fractures (Stel, Pluijm, et al., 2004). This 
indicates that OA patients may have a higher risk for falls and maybe also for 
fractures.  
Recently it has been reported that multiple phenotypes of OA patients 
can be identified showing different outcomes in WOMAC score and walking 
performance (Knoop et al., 2011). In that study walking performance and 
WOMAC scores were not different between participants with and without OA 
when muscle strength was high and when participants were only mildly obese. 
Since in the present study, the participants were on average quite strong and 
only mildly obese with no differences in strength and BMI (Table 4.1) between 
the groups, the present findings are in line with those of Knoop et al.  
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A secondary objective of the present study was to investigate 
associations between muscle function tests (maximal strength, voluntary 
activation and fatigue resistance) and tests to assess physical functioning. As 
expected, significant associations were found between maximal strength, the 
stair climb test and 6MWT, which are in line with earlier studies (Herman et al., 
2005; Latham et al., 2008; Maly et al., 2006; Puthoff & Nielsen, 2007). This 
suggests that strength is an important component when climbing stairs or walking 
longer distances. There was no significant association between maximal knee 
extensor strength and chair stand test, which is also in line with earlier work 
(Herman et al., 2005; Netz, Ayalon, Dunsky, & Alexander, 2004). A sit to stand 
test also involves other muscle groups than the quadriceps and is also largely 
affected by leg length and body mass (Takai et al., 2009). Voluntary activation is 
an important component of maximal strength, but there were no significant 
associations with functional tests. Although stair climbing is a relatively heavy 
task, the force levels may be too low for a high neural activation to be a 
determining factor.  
There were also no associations between fatigability of the knee 
extensors and the 6MWT. This is surprising, because 6MWT is related to VO2max 
(Kervio et al., 2003) and fatigue resistance is related to the oxidative capacity of 
muscle fibers (Degens & Veerkamp, 1994). The oxidative capacity of type I 
muscle fibres is higher compared to type II fibres (Wust et al., 2008) and 
participants with more type I fibers or fibers with a relatively high oxidative 
capacity are expected to have a higher resistance to fatigue and better 
performance during a 6MWT. A fatigue test however, specifically tests local 
peripheral muscle endurance. The 6MWT might be more determined by factors 
such as blood volume, cardiac output and the respiratory system. The 6MWT 
might also not be physically demanding enough for fit participants, because it is a 
walking test and running is not allowed. Therefore the loading of the knee 
extensor muscle group may not be high enough for oxidative metabolism to 
become a performance limiting factor.  
For patients with OA, these results indicate that although moderate to 
severe radiographic OA is present, strength and physical functioning can remain 
unaffected. Specifically, if participants with OA are able to climb stairs, there are 
almost no differences in physical functioning and limitations, at least for the 
participants in the current study.  
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Conclusions 
No differences in strength, voluntary activation and fatigability were observed 
between participants with and without OA with high levels of physical functioning 
and without differences in functional limitations. The functional tests showed no 
differences between the groups, but the summary score of the performance 
battery was significantly lower in participants with OA. The difference of 2 points 
in physical performance score is clinically meaningful. In contrast to our 
expectations muscle function tests were not more sensitive to detect differences 
than physical performance tests. For patients with moderate to severe 
radiographic OA, these results indicate that the short physical performance 
battery is a sensitive instrument to detect a clinically important decrease of 
performance.  
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Abstract 
Background: Total knee arthroplasty (TKA) can significantly reduce knee pain 
and increase physical functioning. After TKA, the strength of the knee extensors 
can decrease up to 60% and knee extension strength is strongly related to 
physical functioning. Progressive strength training may be needed to improve 
preoperative strength and promote postoperative recovery. The aim of the study 
was to investigate the feasibility and effects of additional preoperative high 
intensity strength training for patients awaiting TKA. 
Methods: 22 patients awaiting TKA were allocated to a standard training group, 
or a group receiving standard training with additional progressive strength 
training for 6 weeks. Isometric knee extensor strength, voluntary activation, chair 
stand, 6-minute walk test (6MWT) and stair climbing were assessed before and 
after 6 weeks of training and 6 and 12 weeks after TKA.  
Results: For 3 of the 11 patients in the intensive strength group, training load 
had to be adjusted because of pain. For the total group, improvements in chair 
stand and 6MWT were observed, but intensive strength training was not more 
effective than standard training. Voluntary activation did not change before and 
after surgery, and postoperative recovery was unaffected by the type of 
preoperative training. Knee extensor strength of the affected leg just before 
surgery was significantly associated with 6 minute walk (r=0.50) and the stair 
climb (r=-0.58, P<0.05), but not with chair stand (r=-0.32, P>0.05). These 
associations became stronger over time with the strongest associations observed 
12 weeks after surgery. 
Conclusion: Intensive strength training was feasible for the majority of patients, 
but there were no indications that it is more effective than standard training to 
increase preoperative physical functioning.  
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Introduction 
Knee osteoarthritis (OA) is a degenerative joint disease which is characterized by 
a gradual loss of cartilage (Seed et al., 2009) and can result in pain, limited 
physical functioning and lower quality of life (Petterson et al., 2009). If 
conservative treatment is ineffective, patients may decide to undergo a total knee 
arthroplasty (TKA), which can significantly reduce knee pain and can increase 
physical functioning in patients with severe OA (Seed et al., 2009). For patients 
undergoing TKA, the isometric strength of the knee extensors was shown to 
decrease by up to 60% four weeks after surgery, and this decrease was 
accompanied by decreases in the ability to voluntary activate the knee extensor 
muscles (J. E. Stevens et al., 2003). Even after six months to thirteen years 
following TKA, the strength of the knee extensor muscles at involved side 
remains 12-30% lower than the uninvolved side and strength almost never 
matched values for healthy controls (Meier et al., 2008). This post-operative 
weakness has important consequences for activities of daily life, because knee 
extensor strength is strongly related to physical tasks, such as walking and stair 
climbing (Maly et al., 2006) especially after TKA (Yoshida et al., 2008). There are 
indications that preoperative strength is related to postoperative abilities (Jaggers 
et al., 2007; Mizner, Petterson, Stevens, Axe, & Snyder-Mackler, 2005). Intensive 
strength training after TKA has shown to be beneficial for decreasing pain, and 
improving strength and physical functioning when compared to usual care 
(Petterson et al., 2009). Multiple studies have investigated the effect of 
preoperative strength training on postoperative recovery (Beaupre et al., 2004; 
Crowe & Henderson, 2003; D'Lima et al., 1996; Rodgers et al., 1998; Rooks et 
al., 2006; Topp et al., 2009). However, few of these studies reported significant 
increases in preoperative strength following the training. Reviewing these 
studies, it is clear that the intensity of training, when documented, was either 
rather low (Beaupre et al., 2004; Rodgers et al., 1998; Swank et al., 2011; Topp 
et al., 2009), was not progressively increased (Beaupre et al., 2004), or the 
number of sessions was too small to produce significant training effects (Rooks 
et al., 2006). Progressive, high intensity strength training is recommended to 
increase muscle strength ("American College of Sports Medicine position stand. 
Progression models in resistance training for healthy adults," 2009). Because the 
preoperative training period typically is rather short (the time between the 
decision for TKA and the actual surgery is typically 4 to 8 weeks), a high intensity 
and progressive loading may be needed to increase preoperative strength and 
functioning, and therefore promote postoperative recovery. However, it is unclear 
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if this type of training is feasible in this patient group, since pain may be a limiting 
factor. 
The aims of the present study were to investigate the feasibility and the 
effects of additional preoperative high intensity strength training for elderly 
patients awaiting total knee arthroplasty compared to standard preoperative 
training in a pilot study. We expect that preoperative intensive strength training 
will lead to increases in strength and functioning before surgery. We expect that 
increases in strength are primarily caused by improved voluntary activation, 
because the first adaptations to strength training are primarily neural (Gabriel, 
Kamen, & Frost, 2006) and training time is limited. 
Methods 
Participants 
All patients above 55 years awaiting total knee arthroplasty in the Spaarne 
Hospital in Hoofddorp were considered candidates for the present study and 
were asked to participate. Patients were excluded if they had 1) ASA>2 
(Anesthesiologists, 1963), 2) contra-indications for training the lower limbs, or 3) 
contra-indications for electrical stimulation (unstable epilepsy, cancer, skin 
abnormalities, or having a pacemaker).  
 
Sample size 
Isometric knee extension strength of the surgical leg before TKA was defined as 
the primary outcome variable for the power analysis. The effect size for strength 
training with patients having osteoarthritis has been reported to be 0.35 (Fransen 
& McConnell, 2008) and 0.30 for preoperative training (Topp, et al., 2009. 
Because the control group also received therapy, we used an effect size of 0.20. 
For 0.8 power, 0.05 alpha and assuming a correlation of 0.85 between repeated 
measurements, a total of 18 participants was needed to assess significant 
differences between groups over time. Because 4 participants dropped out 
before the second measurement, four additional patients were included and in 
total 22 patients were enrolled in the study. 
 
Randomization and blinding 
Participants were randomized in a 1:1 ratio (parallel design) to either the 
standard treatment or standard treatment with additional strength training. A 
research nurse approached potential candidates by phone, generated the 
random allocation sequence with use of custom software, enrolled patients, and 
assigned them to the interventions. Randomization was done by minimization of 
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gender and age (median age of patients on the waiting list). After the inclusion of 
15 patients, 2 participants had dropped out and two patients received the 
intervention instead of standard training and the balance between strength 
training and standard training was 10/3. To increase comparability between 
groups, the remaining 7 patients were included in the standard training group. 
The principal investigator (DL) was blinded during measurements of the first 15 
patients. The participants and therapists were not blinded. 
 
Surgical procedure 
Patients underwent an uncemented TKA (mobile bearing total knee prosthesis, 
LCS Complete, Depuy, Warsaw, Indiana, United States) with standardized peri-
operative protocol and the same surgical technique. The surgical technique 
consisted of a midline incision with a flexed knee, medial arthrotomy and bone 
cuts with Milestone instruments without the use of tourniquet or drains. 
Perioperative antibiotics (Kefzol 1 gram i.v.) and antithrombotics (Fraxiparine 0.3 
ml i.m.) were used. The patients were mobilized the first day postoperatively. On 
average the patients left the hospital the 4th postoperative day. The surgeries 
were performed by experienced orthopedic surgeons (>50 TKA per year) and 
patients received protocolized inpatient physical therapy. The VU Medical Centre 
Medical Ethics Committee and the local ethics committee of the Spaarne 
Hospital approved the study, and all participants signed informed consent and 
the rights of the subjects were protected.  
 
Intervention 
Patients were allocated to standard treatment or received standard treatment 
with additional strength training (Figure 5.1). The standard training group 
received treatment according to guidelines from the Dutch association of 
orthopedics (NOV, 2007) and the Dutch physiotherapy association KNGF 
(Vogels et al., 2005) for training patients with OA. Therapy included information 
and advice, exercise of activities of daily life, training of walking with aids, 
maintenance of mobility and aerobic training (walking, cycling). The intensive 
strength training group received the same treatment as the standard training 
group, with additional intensive strength training, consisting of a progressive 
strength program targeting the lower limbs. Table 5.1 shows exercises, set and 
repetitions.  
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Table 5.1. Exercises, set and repetitions for the strength training group. 
 Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 
Leg press 1-leg 3x15 3x12 4x12 3x10 4x10 4x8 
Step up 1- leg 3x15 3x12 4x12 3x10 4x10 4x8 
Squat  3x15 3x12 4x12 3x10 4x10 4x8 
Leg extension 1-leg 3x15 3x12 4x12 3x10 4x10 4x8 
 
To ensure progressive overload, the intensity was increased if participants were 
able to complete the number of repetitions. Intensity was increased the next 
training. Both the uninvolved and the involved limb were trained, and the weight 
was adjusted to abilities. The patients trained two to three times per week. In 
addition, a home program consisting of step-up and squat exercises was 
performed two to three times per week by the strength training group. In case of 
pain or other discomfort, the program was modified, but the intensity stayed as 
high as possible. Post surgery, no interventions were applied; both groups 
received standard care including strength training. 13 physiotherapy centers 
participated by complying with the training program. 22 patients entered the 
study. Figure 5.1 shows allocation and follow-up.  
 
Measures 
 
All measurements were performed at the Spaarne Hospital before training (T1), 
after 6 weeks of training (T2, the week before TKA), 6 weeks post surgery (T3) 
and 12 weeks post surgery (T4).  
 
Feasibility  
The feasibility was evaluated by checking training logs for adherence. 
Physiotherapists were instructed to note alterations of the training program. If 
training intensity was progressively increased and all exercises were executed, 
the program was considered feasible.  
  
Torque measurements  
Measurement of the contractile properties of the knee extensor and flexor 
muscles took place on a custom made adjustable dynamometer. The lower leg 
was tightly strapped to a force transducer (KAP-E, 2 kN, A.S.T., Dresden, 
Germany), mounted to the frame of the chair, about 25 cm distally of the knee 
joint. Participants sat in the dynamometer with a hip angle of 80 (0 is full 
extension), firmly attached to the seat with straps at the pelvis to prevent 
extension of the hip during contraction and a strap at the chest. All 
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measurements were performed on both legs at a knee angle of 60 (0 is full 
extension), during isometric contraction. The non surgical leg was measured first 
to get accustomed to the procedures and electrical stimulation (see below). 
Force data were digitized (1 kHz.), filtered with a 4th order bi-directional 150 Hz 
Butterworth low-pass filter and stored on a pc for offline analysis. Force signals 
were corrected for gravity: the average force applied by the weight of the limb 
was set at zero. Torque was calculated by multiplying force with the distance 
between the force transducer and the knee joint. After 3 submaximal attempts, 
participants were asked to perform at least 3 maximal isometric knee extensions 
and flexions, and more if torque increased more than 10%, with at least two 
minutes rest in between attempts. Maximal Voluntary Torque (MVT) was defined 
as the highest torque recorded.  
 
Electrical stimulation 
Constant current electrical stimulation (pulse width 200 μs) was applied through 
self-adhesive surface electrodes (Schwa-Medico, Leusden, The Netherlands) by 
a computer-controlled stimulator (model DS7A, Digitimer Ltd., Welwyn Garden 
City, UK). The distal electrode (8 x 13 cm) was placed over the medial part of the 
quadriceps muscle just above the patella, and the proximal electrode (8 x 13 cm) 
over the lateral portion of the muscle to prevent inadvertent stimulation of the 
adductors. Before placing the electrodes the skin in the area of the electrodes 
was shaved. The stimulation current was increased until force in response to 
doublet stimulation (two pulses at 100 Hz) leveled off. After assessing maximal 
doublet force, the stimulation intensity was lowered and set to produce 50% of 
the maximal doublet force. This stimulation intensity ensured that a substantial 
amount of muscle mass was stimulated, but significantly reduced discomfort at 
the same time (van Leeuwen, de Ruiter, et al., 2012). Voluntary activation was 
calculated with use of the superimposed twitch technique. In short, upon a 
maximal voluntary contraction, a superimposed doublet was delivered to the 
muscle. 2 seconds after each contraction, a (potentiated) doublet was delivered 
to the relaxed muscle to calculate voluntary activation with use of the following 
equation: 
 
Voluntary activation (%) = 1-(superimposed force/potentiated resting doublet) 
*100% (Folland & Williams, 2007; van Leeuwen, de Ruiter, et al., 2012).   
 
Functional tasks  
A 5 times sit –to stand test was performed with the arms folded in front of the 
chest. The six minute walk test (6MWT) was used to quantify walking ability. 
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Participants walked back and forth over 30 meters as many times as possible for 
a period of 6 minutes at their own pace, in a 60 meter long corridor. The score 
recorded was the total distance traveled during 6 minutes. Participants were 
instructed to “walk as quickly and safely as you can for 6 minutes.”  
To investigate stair-climbing (SCT), the time required to ascend 9 steps, 
turn around, and descend 9 steps was used. Participants were allowed to use the 
handrail and instructed to “walk as quickly and safely”. All tests except the 6MWT 
were repeated twice, and the fastest time was used for analysis. The 6MWT and 
the stair climb test are widely used as specific tests to quantify functional 
performance in patients (Gerrits et al., 2009; Mizner & Snyder-Mackler, 2005; 
Yoshida et al., 2008). 
 
Quality of life and physical activity  
Quality of life was assessed with the Western Ontario and McMaster Universities 
Osteoarthritis Index (WOMAC). The WOMAC questionnaire is used to obtain 
pain, stiffness and functioning specifically for patients with OA. Scores were 
transformed to a 0 to 100 scale, where a 100 score signifies the best quality of 
life. 
 
Statistics 
Data are presented as mean plus min SD. An ANOVA repeated measures was 
used to assess differences between the patient groups over time with a 
Bonferroni post-hoc correction. Two separate analyses were performed: the first 
analysis was done with preoperative data of patients with data on T1 and T2 
(N=18, T1 and T2) because the primary aim was to study effects of training on 
preoperative strength and performance. A second analysis was done on all 
complete data sets (T1–T4; N=16) to investigate postoperative recovery (T3 and 
T4). Because not all patients were randomized, a per protocol analysis was 
performed. A chi-square test was used to investigate differences in gender at 
baseline. Other baseline characteristics were analyzed using the Kruskall-Wallis 
Test.  
 Effect size was calculated by subtracting the mean pre-post  (T1-T2) 
change in the standard group from the mean pre-post change in the intensive 
training group, divided by the pooled pretest standard deviation (Morris, 2008). 
Pearson’s correlation coefficient was used to investigate relationships 
between normally distributed variables. The level of significance for all tests was 
set at 0.05 and all analyses were performed with SPSS (version 16.0, SPSS 
Inc.).  
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Results 
Feasibility 
Twenty two patients were recruited between October 2010 and December 2011. 
Figure 5.1 shows a flowchart of allocation and follow-up. All participants in the 
strength training group completed preoperative training, and there was one 
dropout in the standard training group. Four participants did not complete the 2nd 
preoperative test due to various reasons (Figure 5.1). Only data were analyzed 
from patients who completed testing at T2.  
 
Figure 5.1. Flowchart of inclusion and follow-up in the two training groups 
Standard training group: 
N=11 
Lost to follow-up (N=4): 
- T2 Pain during training  
- T2 Surgery cancelled 
because of less pain  
- T2 ASA1→ASA2 
- T3 Hematoma 
 
Completed testing 
  T1: N=11 
  T2: N=8 
  T3: N=7 
  T4: N=7 
 
Strength training group: 
N=11 
 
Lost to follow-up (N=2): 
 - T2: Gout:  
 - T4: 2nd TKA 
 
 
Completed testing 
  T1: N=11 
  T2: N=10 
  T3: N=10 
  T4: N=9 
 
Analyzed 
  T1: N=8 
  T2: N=8 
  T3: N=7 
  T4: N=7 
 
Analyzed 
  T1: N=10 
  T2: N=10 
  T3: N=10 
  T4: N=9 
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Eight out of 11 patients in the strength training group completed training 
without adaptations. For 3 patients, small adjustments were made in intensity 
due to pain, to prevent premature ending of the training. Patients in the strength 
training group completed 12 ± 2 training sessions (range 11-17), and patients in 
the standard training group completed 11 ± 4 sessions (range 4-16).  
In a pilot study, split squats were included in the training program, but too 
many patients reported pain during this exercise. Also reduction in range of 
motion in knee extensions and leg press showed to be an effective way to reduce 
pain, while maintaining a high training intensity.  
Table 5.2 shows baseline characteristics for the patients in the strength 
training group and the standard training group who completed testing at T2. 
There were no significant differences between the groups.  
 
Table 5.2. Characteristics of patients of the two training groups and drop-
outs 
  
Strength 
training  
(N=10) 
Standard  
training  
(N=8) 
Drop-
outs 
(N=4) 
P 
Sex (men/women) 
a
 7/3 4/4 1/3 0.30 
Age (years) 
b
 71.8 (7.5) 69.5 (7.1) 73.3 (3.4) 0.33 
BMI (kg/m
2
) 
b
 27.9 (4.6) 27.9 (3.1) 26.3 (2.1) 0.71 
a
 differences tested using chi-square test 
b
 presented as mean (standard deviation), differences tested using Kruskall-Wallis Test 
 
Pre-surgery effects 
 
Strength measures  
Table 5.3 shows average values for strength measures. Before surgery there 
was no main effect of group or time: at baseline and T2, there were no significant 
differences in strength measures between groups and no changes in time for the 
total group. The effect size of maximal voluntary knee extension strength was 
0.11. The post hoc power was 0.87. There were also no significant interactions 
between group and time for any strength measure during this six weeks 
preoperative training period. Strength training did not lead to increases in MVT 
(Figure 5.2), voluntary activation or doublet torque compared to the standard 
training group. At T1 and T2, the affected leg was not weaker than the unaffected 
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leg and also voluntary activation was not different between both legs. The 
patients who dropped out before T2 did not have a significantly lower knee 
extension strength of the affected leg than the patients who completed testing at 
T2 (98 Nm vs 113 Nm, P=0.61).  
 
 
Table 5.3. Strength measures, functional tasks and WOMAC scores before 
(T1, T2) and after (T3, T4) surgery 
   T1 
(N=10/8) 
 
T2 
(N=10/8) 
 
T3 
(N=10/7) 
 
T4 
(N=9/7) 
          
MVT extension  Affected side STR 106±45 
 
111±50 
* 
63±30 
* 
76±34 
(Nm)  STAND 121±52 121±50 70±35 97±40 
 Unaffected side STR 116±47 
 
123±47 
 
116±44 
 
118±43 
  STAND 137±59 139±57 128±65 138±56 
          
Doublet Torque Affected side STR 49±13  50±16 
* 
34±10 
* 
39±12 
(Nm)  STAND 51±19  48±17 35±13 39±14 
 Unaffected side STR 53±12  52±14  50±14  51±16 
  STAND 50±15  50±16  50±17  50±13 
          
VA  Affected side STR 79±13 
 
78±15  79±9 
 
80±10 
(%)  STAND 80±13 85±8  84±4 90±8 
 Unaffected side STR 75±19 
 
78±15  80±13  83±11 
  STAND 84±12 85±10  88±6  91±6 
          
MVT flexion  Affected side STR 40±22 
 
43±19 
† 
37±18 
* 
42±17 
(Nm)  STAND 46±25 50±24 36±16 50±23 
 Unaffected side STR 43±29 
 
47±26 
 
47±27  47±26 
  STAND 57±33 55±30 55±30  55±26 
          
Chair stand test   STR 12.6±2.6 
* 
11.3±2.1  13.3±3.4 
* 
11.8±1.8 
(s)  STAND 12.3±2.7 11.4±1.8  12.5±2.5 10.8±1.5 
          
Stair climb test   STR 12.4±3.1 
 
11.6±3.4 
* 
20.9±10.8 
* 
12.8±3.4 
(s)  STAND 12.9±3.8 12.4±3.3 17.6±7.5 14.1±5.0 
          
6MWT   STR 453±81 
* 
471±92  380±109 
* 
456±62 
(m)  STAND 460±52 493±55  440±87 513±97 
          
WOMAC score   STR 64±11 
 
65±20 
 
70±16 
* 
83±15 
(points)  STAND 67±11 67±8 79±11 93±4 
          
MVT: Maximal voluntary torque, VA: voluntary activation, 6MWT: six minute walk test, WOMAC: 
McMaster Universities Osteoarthritis Index, STR: strength training group, STAND: standard training 
group. The number of patients in the intervention and standard training groups are displayed at the 
different times. Values represent mean ± standard deviation. * Significantly different compared to 
previous measurement for both groups combined (P<0.05) † Significant difference for groups 
between T3 and T2 (P=0.043) 
 
Functional tasks 
Before surgery (from T1 to T2) there were no main effects of ‘group’, but there 
were main effects of ‘time’ for chair stand and 6MWT. For both groups combined 
chair stand (-1.1s, P=0.003) and 6MWT (25m, P=0.013) significantly improved 
Chapter 5 
 
 
80 
before surgery (Table 5.3 and Figure 5.2) and there was a trend for improvement 
in voluntary knee flexion strength of the affected side (3.4 Nm, P=0.090). There 
were no significant interactions between ‘time’ and ‘group’, indicating that any 
changes over time were similar between groups. 
 
Post surgery effects 
 
Strength measures 
Post surgery there were no main effects of ‘group’. There was a main effect of 
‘time’ for maximal knee extension torque, doublet torque and maximal knee 
flexion torque of the affected knee. MVT for the knee extensors and doublet 
torque significantly decreased from T2 to T3 (6 weeks post surgery) and 
subsequently significantly increased from T3 to T4 (12 weeks post surgery, 
P<0.05, Table 5.3 and Figure 5.2). Knee flexor torque significantly increased 
from T3 to T4. At T4, MVT for knee extension and doublet torque were still 
between 20 and 30% lower compared their pre-operative values at T2, whereas 
MVT for knee flexion was back to baseline levels. 
An unexpected finding was that there was a significant interaction 
between MVT of the knee flexors and group. Post hoc testing indicated that MVT 
of the knee flexors decreased in the standard training compared to the intensive 
training groups between T2 and T3. As expected, doublet torque and knee 
extensor torque were lower for the affected side compared to the unaffected side 
on T3 and T4 and knee flexor torque was lower at T3 only (P<0.05) compared to 
the unaffected side. Voluntary activation did not change after surgery.   
 
Functional tasks 
Post surgery, there were no main effects of ‘group’, but there were main effects 
of ‘time’ for several variables. Six weeks after surgery (T3), stair climbing time 
increased compared to T2 for both groups combined (Figure 5.2). From T3 to T4, 
significant main effects of time were present for chair stand, stair climb, 6MWT 
and WOMAC score (P<0.05, Table 5.3 and Figure 5.2), without any significant 
interaction between group and time, again indicating that any changes over time 
were similar between groups.  
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Figure 5.2. Knee extension torque (A), six minute walk distance (B), chair stand time (C) and stair 
climb time (D) for the standard training group (open circles) and the intensive strength training group 
(black circles) on the 4 occasions. Means and standard deviations are displayed. * indicates a 
significant difference (P<0.05) with the previous measurement for both groups combined. 
 
Relationships between quadriceps strength and physical functioning 
Table 5.4 shows Pearson’s correlation coefficients between maximal knee 
extension strength and chair, stair climb and 6MWT performance at the four 
moments of testing. Only post surgery, maximal knee extension strength was 
related to chair stand. Stair climb performance was related to MVT of both legs 
on all occasions (P<0.05) and 6MWT was significantly related to strength on T2, 
T3 and T4 (P<0.05). In general, relationships between voluntary knee extensor 
strength and the functional tests became stronger over time.  
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Table 5.4. Pearson correlation coefficients between  
maximal knee extension strength and functional tests 
  Chair Stair 6MWT 
Affected side T1 -0.03 -0.53 * 0.41 
 
T2 -0.32 -0.58 * 0.50 * 
 
T3 -0.56 * -0.68 * 0.76 * 
 
T4 -0.56 * -0.74 * 0.86 * 
    
 
Unaffected side T1 -0.17 -0.59 * 0.46 
 
T2 -0.32 -0.64 * 0.54 * 
 
T3 -0.47 -0.59 * 0.66 * 
 
T4 -0.52 * -0.73 * 0.77 * 
6MWT: six minute walk test. * P<0.05 
 
Discussion 
Feasibility 
One of the aims of the present study was to investigate the feasibility of 
additional preoperative high intensity strength training for elderly patients 
awaiting total knee arthroplasty. In this training group, no patients dropped out 
because of the intervention. For 3 out of 11 patients, changes in the program had 
to be made because of pain or discomfort, but for the other 8 patients the training 
program could be performed without alterations. Although the groups were of 
limited size, intensive strength training seems feasible, at least for patients with 
ASA 1 or 2.  
 
Pre surgery effects  
The effect size of the training on strength was small, 0.11, and not significant. 
This was not in line with our expectations, but it might be explained by the 
relatively short training time. Six weeks of training two times per week might not 
be enough to significantly increase strength in patients with end stage OA, even 
if a high training intensity is used. In a systematic review investigating effects of 
strength training in OA patients, positive effects have been reported on strength, 
functioning and pain compared to control groups (Lange et al., 2008). The 
average duration of the studies in this review was 5.9 months. Longer 
interventions may be needed to significantly increase preoperative strength and 
physical functioning. 
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 There were no differences in strength between the affected and the 
unaffected leg pre surgery, although a difference in strength is often observed 
(Berth, Urbach, & Awiszus, 2002; Mizner, Petterson, & Snyder-Mackler, 2005; 
Topp et al., 2009). This might be explained by the fact that 2 patients were 
having a second TKA at a later stage and 4 patients already had an earlier TKA. 
This indicates that the non-surgical leg was not ‘unaffected’ in all patients. 
The finding that strength training did not increase preoperative strength 
or promote post-operative outcome is in line with the majority of earlier studies 
(Beaupre et al., 2004; D'Lima et al., 1996; Rodgers et al., 1998; Rooks et al., 
2006; Topp et al., 2009). A major strength of the current study compared to other 
studies is that preoperative training had a relative high intensity and loads were 
progressively increased. 
In the present study, there were improvements in chair stand and the 
6MWT for the entire group before surgery. It is important to note that both groups 
in the current study received training. In the absence of training, strength and 
functioning often decline in the preoperative period (Rooks et al., 2006; Swank et 
al., 2011; Topp et al., 2009), which was not the case in the current study. The 
standard training group in the present study underwent aerobic training (walking 
and cycling), balance training and training of activities of daily life, such as chair 
rises, and basic step training. In many other studies no exercise is prescribed 
during the preoperative period for a control group (Beaupre et al., 2004; Crowe & 
Henderson, 2003; D'Lima et al., 1996; Rodgers et al., 1998; Rooks et al., 2006; 
Swank et al., 2011; Topp et al., 2009). Because both groups trained, this may not 
only have prevented the decline as is seen in many other studies during the 
preoperative phase, but it also seems to suggest that the exact content of the 
training program is less relevant during a short preoperative phase. This finding 
is in line with the results of a recent study in which a control group improved 
walking and stair climbing after 6 weeks of nonspecific upper-body strength 
training (McKay, Prapavessis, & Doherty, 2012). There are no indications in the 
present study that additional heavy resistance training is superior to a program of 
more general aerobic training including some functional (strength demanding) 
tasks.  
 
Post surgery effects 
The recovery of voluntary torque, stair climb and walking ability at T4 was 
comparable to two earlier studies (Bade, Kohrt, & Stevens-Lapsley, 2010; Ouellet 
& Moffet, 2002), but somewhat lower than reported in two other studies (Mizner, 
Petterson, & Snyder-Mackler, 2005; Topp et al., 2009). There was a significant 
interaction (P=0.043) between group and time for MVT of the knee flexors from 
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T2 to T3. This interaction was probably not caused by the intensive strength 
training, because no interaction was present before surgery, and the 
preoperative training program was primarily focused on the knee extensors. 
Therefore we consider this to be a sporadic finding. There were no other 
significant interactions between group and time post surgery. Although a larger 
sample size would be needed to study these postoperative effects, it is unlikely 
that preoperative strength training would be effective to promote recovery after 
surgery compared to standard preoperative training, because neither significant 
effects nor trends for superior effects of strength training were observed before 
surgery.    
 
Voluntary activation 
Before surgery, there were no differences in VA between the surgical and non-
surgical leg. As stated before, the lack of changes might be caused by an earlier 
or a future TKA of the non-surgical leg. There were also no changes in voluntary 
activation after training and after surgery. The absence of changes in VA is not in 
line with two earlier studies (Mizner, Petterson, Stevens, Vandenborne, et al., 
2005; J. E. Stevens et al., 2003) that measured lower activation 4 weeks after 
surgery, but in accordance with two other studies in which no changes were 
found 12 weeks after surgery (Berth, Urbach, Neumann, & Awiszus, 2007; 
Vahtrik et al., 2011). The different findings regarding changes in voluntary 
activation may be explained by differences in timing of the measurements post 
surgery among studies. Thirty three months after surgery, significant increases in 
voluntary activation have been observed compared to pre-surgery (Berth et al., 
2002). Voluntary activation may decrease the first weeks after surgery and 
improve on a longer term.  
 
Relationships between quadriceps strength and physical functioning 
The relationships between strength and physical functioning, and the observation 
that relationships are stronger later after surgery, are in line with other studies 
(Mizner, Petterson, & Snyder-Mackler, 2005; Yoshida et al., 2008). This may 
indicate that knee extension strength is an important factor for functioning, 
especially in later stages of recovery. Consequently, post operative strength 
training may improve functional recovery, which is in line with earlier research 
(Petterson et al., 2009). 
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Conclusion 
We conclude that intensive strength training is feasible for the majority of the 
patients awaiting total knee arthroplasty. There were no indications that this 
intensive strength training is more effective than a standard training with respect 
to maximal knee extensor strength, voluntary activation and functioning in 
functional tests.   
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The aim of this thesis was to study the associations between strength and 
voluntary activation of muscles in relation to physical functioning in elderly 
patients with osteoarthritis (OA). In this chapter, the main findings of the studies 
will be summarized, placed into context and further research will be suggested.  
Voluntary activation and knee extensor strength 
People with knee OA often have lower muscle strength, which to some extent is 
due to a lower ability to voluntarily activate their knee extensors. Measurement of 
voluntary activation (VA) provides insight into whether differences in strength are 
caused by changes in muscle activation and/or changes in muscle properties. 
The standard method to assess VA is the interpolated twitch technique. This 
technique is also used in patients, but the stimulation is often over the muscle 
belly and submaximal stimulation currents are used because these are better 
tolerated. In Chapter 2 we investigated the effects of lower stimulation currents 
on the assessment of VA of the knee extensors. We concluded that submaximal 
muscle stimulation could be used to estimate VA in the knee extensors, and that 
overestimation of VA may even be less compared with maximal nerve 
stimulation. We only compared the assessment of VA between one submaximal 
muscle stimulation intensity and maximal nerve stimulation. Further research into 
effects of stimulation intensity may be needed to confirm these findings, also in 
other muscle groups. 
In Chapters 4 and 5, significant associations between maximal knee 
extensor strength and functional tasks such as walking and stair climbing were 
observed. VA was associated with maximal strength, but not with functional 
tasks. There were also no differences in VA between the participants with and 
without OA in Chapter 4 and the patients awaiting total knee arthroplasty (TKA) 
in Chapter 5 (also see below). Also before and after TKA, an absence of changes 
in VA was observed. This indicates that strength is more important than VA 
regarding physical functioning. A possible explanation might be that most 
functional tasks do not require high levels of VA. Further, because maximal 
strength is also determined by cross-sectional area, VA alone cannot fully 
account for variance in maximal strength.  
Besides voluntary activation, electrical stimulation can provide a 
measure of strength that is unaffected by motivation and pain (Shield & Zhou, 
2004). During strength measurements we also assessed pain with a visual 
analog scale (0-100mm). For the participants with OA in Chapter 4, median [95% 
CI] pain levels were 1.0 mm [0.0, 5.0] and for the patients awaiting total knee 
arthroplasty (Chapter 5) these levels were 22.5mm [9.0, 44.4] on a 100mm scale. 
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This indicates that strength testing can be done in patients with OA with relatively 
low pain.  
Effects of OA on physical functioning 
In Chapter 3, we investigated physical functioning of participants with and without 
self-reported knee or hip OA. Physical functioning was tested with a short battery 
consisting of a chair stand test, a balance test and a 6 meter walk test (summed 
to an overall performance score), performed in the participants’ home. The 
participants with OA had lower physical performance scores than participants 
without OA 3 to 6 years after OA was first reported. These lower performance 
scores were caused by lower chair stand and walking performance but not by 
lower balance performance.  
In the laboratory, more elaborate tests are often done, such as strength 
testing, stair climb tests and longer walk tests, because such tests may be more 
sensitive to detect impairments. In Chapter 4, we repeated the three tests from 
Chapter 3, but also tested muscle function (maximal strength, voluntary 
activation and fatigability), stair climbing and 6 minute walking in 64 participants 
with or without radiographic knee OA. Overall physical performance (the sum of 
the three tests) was lower in participants with radiographic knee OA, but chair 
stand, 6 meter walking, six minute walking, stair climbing and muscle function 
were not different between the groups. The physical performance score was 
different, whereas the individual underlying physical performance tests and the 
muscle function tests were not different. This seems surprising because the 
reliability of the physical performance battery is lower than that of the other 
functional tests and strength measurements (Guralnik et al., 1994; Harada et al., 
1999; Lin et al., 2001). The differences in physical performance score might have 
been the result of the division of the walk and chair stand times into quartiles. 
Therefore, we also investigated the absolute times needed for the walk and chair 
test in Chapter 3. We found similar results indicating that the difference in 
physical performance score was a real representation of lower functioning. For 
the data in Chapter 4, a summation of the walk and chair times showed a trend 
for a difference between the OA and no OA groups (p=0.069) which was in line 
with the difference in overall performance (P=0.047). This also indicates that the 
division in quartiles did not induce the observed differences. In a study by 
Guralnik et al. (1994) the combination score of a comparable test battery was 
better related to self-reported disability than the individual scores of the battery 
components. This indicates that the summation of scores may make a test more 
sensitive, albeit possibly less reliable.  
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In Chapter 5, we investigated the feasibility and effectiveness of specific 
training for elderly OA patients awaiting total knee arthroplasty. Table 6.1 
summarizes the outcome measures for Chapters 3, 4 and 5 presented in this 
thesis. The patients awaiting TKA showed poorer scores in the six minute walk, 
stair climb and maximal strength compared to the other studies, indicating that 
people with severe OA experience more impairments. Also WOMAC scores were 
lower than the scores of the participants in Chapter 4 (Table 6.1). Compared to 
the results of Chapter 3, chair stand and walking performance were markedly 
better for the participants with knee or hip OA in Chapter 4.  
As stated above, differences between participants with and without OA 
were observed in Chapter 3, but not in Chapter 4 for most outcome measures. 
These dissimilar results could have been caused by relatively high performance 
levels and very low impairments in the participants with OA in Chapter 4. 
Maximal strength (Palmieri-Smith et al., 2010; Pap et al., 2004; Thomas et al., 
2010), 6MWT (Maly et al., 2006), and stair climb performance (Lin et al., 2001; 
Maly et al., 2006; Miller et al., 2001) were markedly better than in other studies. 
Also WOMAC scores for the OA group in Chapter 4 (99 [92-100]) were higher 
compared to two other studies, where WOMAC scores were observed between 
45 and 65 (Barker et al., 2004; Lin et al., 2001; Maly et al., 2006), indicating that 
impairments were very low in the participants with OA in Chapter 4 (a WOMAC 
score of 100 indicates no impairments). One of the participants in Chapter 4 had 
OA grade 4 on the Kellgren and Lawrence scale (Kellgren & Lawrence, 1963), 
but was still running occasionally.  
Another reason for the different results of Chapters 3 and 4 may be the 
inclusion criteria. The participants in Chapter 4 are a sample of people 
participating in the Longitudinal Aging Study Amsterdam (LASA) who were 
studied in Chapter 3. An important difference between these two studies is that in 
Chapter 3 the measurements were performed in the participants’ home, whereas 
in Chapter 4, the participants had to travel to the lab. Therefore it is very likely 
that the participants experiencing more severe pain and having greater disability 
have not participated in the study in Chapter 4. Indeed, chair stand and 6 meter 
walk times were on average better for the participants in Chapter 4 compared to 
Chapter 3 (Table 6.1). In addition, all participants in Chapter 4 were able to 
perform all tests, whereas in the LASA study at least 9% of the participants were 
not able to perform at least one test (Table 6.1). This could have been caused by 
the inclusion criteria (able to walk stairs) and the necessity to travel to the lab. 
When testing is done in a home setting, a selection bias is less likely to occur 
and a more representative sample can be tested.  
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Table 6.1: Participant characteristics and physical functioning of the 
participants with OA in the studies presented in Chapters 3, 4 and 5.  
 Chapter 3 
N=155 
Chapter 4  
N = 30 
Chapter 4  
N = 34 
Chapter 5 
N = 18 
OA Self reported  
knee/hip OA 
Radiographic 
knee OA 
 
No radiographic  
knee OA  
 
Radiographic  
knee OA,  
awaiting TKA 
 
Age (years) 71.6 ± 7.8 69.5 ± 5.0 70.0 ± 5.5 70.8 ± 7.2 
WOMAC (points) - 99 [93-100]   100 [99-100] 63 [68-73] 
Chair stand (s) 12.0 [11.0-15.0] 
Unable: N=12 
11.1 [10.0-12.2] 10.4 [9.0-11.6]  10.2 [11.5-14.6]  
6 meter walk (s) 
 
 
7.5 ± 2.5 
Unable: N=14 
5.4 ± 0.9   5.1 ± 0.8 - 
Balance (s) 10 [10-10] 
Unable: N=7 
10 [10-10] 10 [10-10] 10 [7.8-10] 
Knee extension  
torque (Nm) 
- 153 ± 63 150 ± 69 113 ± 47 
Voluntary  
activation (%) 
- 77 [63-87] 83 [75-91] 81 [73-91] 
Stair climb test (s) - 8.5 [7.2-10.0] 7.7 [7.2-9.0] 13.0 [9.4-14.5] 
6 min. walk test (m) - 546 ± 82 562 ± 78 450 [435-493] 
 
Definition of OA  
The deviating results of Chapters 3 and 4 could also be explained by differences 
in the definition of OA. In Chapter 3, OA was assessed by self-report and in 
Chapter 4 by radiographs. The agreement between self-reported OA and general 
practitioner data has been studied in the LASA study (Kriegsman et al., 1996) 
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and other studies (Oksanen et al., 2010; Simpson et al., 2004) and has reported 
to be ‘fair’ to ‘moderate’ (Cohen’s Kappa between 0.24 and 0.47). Although 
radiographic OA has long been regarded to be the reference standard (Zhang & 
Jordan, 2008), associations between radiologic OA and functioning are unclear 
(Barker et al., 2004; Bruyere et al., 2002; Felson et al., 1995; Miller et al., 2001; 
Palmieri-Smith et al., 2010; White et al., 2010). In Chapter 4, OA was graded 
using the Kellgren and Lawrence scoring system (Kellgren & Lawrence, 1963) 
and radiographic OA was defined as K/L grade 2 or higher. However, when the 
participants in Chapter 4 were divided in two more ‘extreme’ groups with either 
K/L grade 0 or a K/L grade 3 or 4, this still did not lead to larger differences 
between the groups. This supports the idea that radiologic OA is not per se 
related to functioning. In another study there was also no relation between 
radiologic OA and functioning, but self-reported pain and functioning were 
significantly related to physical functioning (Barker et al., 2004). This might 
indicate that self-reported OA may be more related to symptoms and therefore 
more related to functioning.  
 Besides self-report and radiographic assessment, the combination of 
radiographs and symptoms can be used to assess symptomatic OA, and this 
affects the prevalence rates. When OA is assessed with radiographs, higher 
prevalence rates are found compared to self-report or symptomatic OA (Pereira 
et al., 2011), making radiographic assessment more sensitive. More research is 
needed to understand the relation between the different definitions of OA and the 
effects on functioning. 
Preoperative training before total knee arthroplasty  
If conservative treatment is ineffective, patients may decide to undergo total knee 
arthroplasty (TKA). TKA can significantly reduce knee pain and can increase 
functioning in patients with severe OA (Seed et al., 2009). After TKA, the strength 
of the knee extensors can decrease up to 60% (J. E. Stevens et al., 2003) and 
knee extensor strength is related to walking and stair climbing (Yoshida et al., 
2008). Because the preoperative phase is rather short in general (~6 weeks) and 
mild training has not shown to be beneficial to promote postoperative recovery 
(Coudeyre et al., 2007), we investigated the feasibility and effectiveness of a six 
week intensive strength training program (Chapter 5). We concluded that the 
intensive strength training program was feasible for the majority of patients, but 
did not seem effective to increase preoperative strength and functioning, and did 
not seem to affect postoperative recovery compared to a standard training group, 
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although. The standard training group received aerobic training and activities of 
daily life.  
Muscle Weakness after TKA  
In a subsample (13 patients), we also measured muscle thickness of the rectus 
femoris and vastus intermedius muscle with ultrasound. In this sample, maximal 
voluntary torque (MVT) after surgery decreased with 42% (from 116 Nm to 
67Nm), but VA was unaffected (80% before surgery, 82% after surgery). One 
would therefore expect that a decrease in cross sectional area would have 
occurred. Figure 6.1 shows average values for MVT and muscle thickness. 
Muscle thickness decreased 6.2% for the affected leg (P=0.24) and 4.0% for the 
unaffected leg (P=0.075) 6 weeks after surgery. 
Figure 6.1: Development of maximal voluntary torque and muscle thickness before and 
after surgery. * indicate significant changes in time (P<0.05).  
 
The effect on cross sectional area will be larger, because cross sectional area is 
proportional to the square of muscle thickness, but clearly it cannot fully explain 
the loss of strength. This indicates that VA and cross sectional area alone cannot 
explain the decrease in torque after surgery. This is in line with another study in 
which torque decreased 60% after surgery, activation decreased 16% and cross 
sectional area of all the 4 heads of the quadriceps (determined with MRI) 
decreased with 10% (Mizner, Petterson, Stevens, Vandenborne, et al., 2005). It 
is likely that most atrophy has occurred in the vastus medialis because this 
muscle is cut during surgery, but it was not possible to determine thickness of 
this muscle in the present project. Perhaps not only voluntary activation and 
cross sectional, but also the quality of the muscle tissue is affected after surgery. 
It is known that the decline of muscle mass is primarily due to atrophy of type II 
fibers (Seene, Kaasik, & Riso, 2012). It is also known that myosin concentrations 
decrease after disuse in elderly and that myosin concentrations are related to 
* *
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muscle specific force (force/cross sectional area) (Canepari, Pellegrino, 
D'Antona, & Bottinelli, 2010; D'Antona et al., 2003). But even after six months to 
thirteen years following TKA, the strength of the knee extensor muscles of the 
involved side remains 12-30% lower than the uninvolved side and strength 
almost never matched values for healthy controls (Meier et al., 2008). Further 
research should investigate the causes for strength deficits after surgery.  
Training for patients with OA 
In Chapter 5 we concluded that intensive strength training was not more effective 
than a standard training before TKA. It is known however, that less fit patients 
have a higher incidence of perioperative morbidity and mortality (Jack, West, & 
Grocott, 2011). The patients with a higher risk of morbidity and mortality are 
typically not included in training studies, which makes it difficult to investigate the 
effects of training in these patients. In the absence of training, strength and 
functioning often decline in the preoperative period (Rooks et al., 2006; Swank et 
al., 2011; Topp et al., 2009). This was not the case in the study described in 
Chapter 5. In a recent study, even 6 weeks of nonspecific upper-body strength 
training was shown to be effective in improving walking and stair climbing 
(McKay et al., 2012). This indicates that the exact content of the training program 
may be less relevant during a short preoperative phase, but that training in 
general can be beneficial before TKA. 
In a systematic review from 2008 (Lange et al., 2008), specific strength 
training was shown to be effective in increasing strength, improving functioning 
and reducing pain for patients with OA compared to control groups. In Chapter 3 
we found that there was a slow deterioration of physical performance in 
participants with OA which became significant compared to participants without 
OA 3 to 6 years after OA was first reported. Because OA gradually decreases 
physical performance, strength training could potentially help to prevent or at 
least mitigate this decrease. 
Clinical implications 
In Chapter 2 we have shown that submaximal currents can be used during 
submaximal superimposed electrical stimulation to estimate voluntary activation. 
For patients this means that there is less discomfort during electrical stimulation. 
But in this thesis there are indications that assessment of voluntary activation 
may not be necessary in patients with OA. First, VA does not seem to be a 
determining factor in tasks such as walking and stair climbing (Chapter 4). This is 
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in contrast to maximal voluntary strength which showed significant associations 
with these tests. Second, although electrical stimulation can be used to obtain a 
measure of strength that is unaffected by pain, pain was relatively low during 
measurements of voluntary strength and presumably did not affect measures of 
voluntary strength to an important extent. And last, and most importantly, VA was 
not different between people with and without OA and not different after training 
and after total knee arthroplasty. Thus, VA does not seem to be a determining 
factor, and assessment may therefore not be clinically relevant.  
For patients with OA, the studies in this thesis indicate that OA leads to a 
slow deterioration of physical functioning which takes several years before 
differences between people without OA become significant. Although moderate 
to severe radiographic OA is present, strength and functioning can remain 
unaffected, at least for several years. Because maximal strength is related to 
functioning (Chapter 4), and strength training can help to reduce pain and 
improve functioning (Lange et al., 2008), strength training can be advised to 
patients when OA is diagnosed. Strength training could therefore improve quality 
of life in patients with OA. 
For researchers, the used tests in a home setting are an effective way to 
study patients with OA. In a laboratory study, even permissive inclusion criteria 
can lead to a considerable selection bias, which makes it difficult to study a 
representative sample of OA patients. Especially for less fit older participants 
having trouble to visit a lab, a small physical performance test battery applicable 
in a home setting can be an advantage. Further, when assessing OA, it is useful 
to include symptoms. In subjects with radiographic OA, physical functioning may 
not be limited to a great extent 
Conclusions  
Physical functioning was impaired in patients with OA compared to people 
without OA. On average these impairments were significant 3 to 6 years after OA 
was first reported. Maximal voluntary activation during isolated isometric knee 
extensor contractions was not affected. The effects of OA on physical functioning 
vary largely between participants, which could in part be due to inconsistent 
associations between radiographic OA and functioning. Muscle function tests 
appeared not more sensitive in detecting differences than physical performance 
tests. Preoperative training before total knee arthroplasty may prevent the 
decline in functioning often observed before surgery, but there were no 
significant additive effects of additional intensive strength training compared to a 
standard training. 
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Kracht en vrijwillige activatie in relatie tot functioneren bij 
patiënten met artrose 
Het doel van dit proefschrift was om spierkracht en vrijwillige spieractivatie te 
bestuderen die het functioneren kunnen belemmeren in ouderen met artrose. 
Artrose is een gewrichtsaandoening die gekenmerkt wordt door slijtage van 
gewrichten. Vooral mensen met artrose aan de knie of heup ondervinden 
problemen bij het uitvoeren van alledaagse taken als wandelen en traplopen. 
Ook hebben mensen met artrose vaak een verminderde spierkracht en soms ook 
een verminderde vrijwillige activatie van de kniestrekkers. De vrijwillige activatie 
wordt vaak bepaald met de ‘interpolated twitch techniek’, waarbij de zenuw van 
een spier(groep) elektrisch wordt gestimuleerd om inzicht te krijgen in de mate 
van vrijwillige aansturing van de spier(groep). Deze methode wordt ook bij 
patiënten gebruikt, maar dan vaak met gebruik van lagere, submaximale 
stroomsterktes en door stimulatie op de spierbuik in plaats van de zenuw. In 
Hoofdstuk 2 onderzochten we de effecten van de stroomsterkte op de bepaling 
van de vrijwillige activatie van de kniestrekkers bij gezonde vrijwilligers. Er werd 
geconcludeerd dat submaximale stimulatie via de spierbuik gebruikt kan worden 
om de vrijwillige activatie te bepalen en dat de vrijwillige activatie wellicht zelfs 
minder overschat wordt dan bij maximale stimulatie van de zenuw.  
Er is beperkt bewijs dat artrose op korte termijn het functioneren 
beïnvloed, maar bij veel studies ontbreekt een controlegroep van mensen zonder 
artrose. Ook is er een gebrek aan studies die de deelnemers over een langere 
periode hebben gevolgd en daarbij ook fysieke uitkomstmaten hebben bepaald. 
Als dan ook een controlegroep ontbreekt, is het onmogelijk om onderscheid te 
maken tussen afname in functioneren door artrose en door veroudering. In 
Hoofdstuk 3 onderzochten we de fysiek functioneren van 155 mensen met en 
1004 mensen zonder zelf gerapporteerde knie- of heupartrose gedurende 10 
jaar. Als uitkomstmaat werd een kleine testbatterij gebruikt die in de thuissituatie 
werd afgenomen, bestaande uit een korte looptest, een balanstest en het 
opstaan uit een stoel. Drie tot zes jaar nadat deelnemers artrose voor het eerst 
rapporteerden, was hun fysiek functioneren significant minder dan dat van 
mensen zonder artrose. De lagere score werd voornamelijk verklaard door 
slechter presteren bij de looptest en het opstaan van een stoel.  
Fysiek functioneren wordt dikwijls bepaald in een laboratorium met 
behulp van een wandel- of traplooptest of met spierkrachtmetingen. Het is echter 
niet altijd mogelijk om dergelijke testen uit te voeren, omdat de deelnemers, vaak 
op leeftijd, niet naar het laboratorium kunnen of willen komen. In Hoofdstuk 4 
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hebben wij onderzocht of er verbanden zijn tussen de testen uit Hoofdstuk 3 die 
in een thuissituatie kunnen worden afgenomen en de volgende veel gebruikte 
laboratoriumtesten: een 6 minuten looptest, een traplooptest en krachtmetingen 
in een dynamometer. Deze testen werden gedaan bij 30 mensen met en 34 
mensen zonder radiologisch vastgestelde knieartrose. Naast het verband tussen 
beide typen testen werd ook onderzocht bij welke testen de groepen met en 
zonder artrose verschillend scoorden. Er werden geen verschillen in bovenbeen 
kracht, maximale vrijwillige activatie van de kniestrekkers en (trap)lopen 
gevonden tussen de mensen met en zonder artrose. Er werden alleen verschillen 
tussen de groepen gevonden in de totaalscore van de testbatterij die thuis kan 
worden afgenomen, maar niet in de onderliggende 3 testen. Dit laatste is in 
tegenstelling met de resultaten uit Hoofdstuk 3. Het ontbreken van verschillen 
tussen de deelnemers in Hoofdstuk 4 kan waarschijnlijk verklaard worden 
doordat de deelnemers met artrose aangaven slechts licht beperkt te zijn in hun 
dagelijks functioneren. Ook scoorden beide groepen relatief hoog op kracht en 
fysieke testen vergeleken met andere studies. Daarnaast moesten alle 
deelnemers kunnen traplopen en naar het laboratorium komen voor deze studie. 
Dit heeft er waarschijnlijk toe bijgedragen dat de mensen met grote beperkingen 
niet deel hebben genomen. Metingen van spierfunctie lijken niet gevoeliger te 
zijn dan de andere testen.  
Artrose is een onomkeerbaar proces en kan niet worden genezen. De 
pijn kan wel worden gereduceerd met behulp van pijnstillers. Ook (kracht)training 
en gewichtsverlies kunnen bijdragen aan vermindering van pijn en het verbeteren 
van het functioneren, maar als de pijn te erg wordt, is een gewrichtsvervangende 
operatie een mogelijke oplossing. Bij een totale knievervanging treedt vaak 
krachtsverlies op van de kniestrekkers tot wel 60%. De kracht van de 
kniestrekkers is bovendien sterk geassocieerd met wandelen en traplopen. 
Krachttraining na de operatie is effectief gebleken om pijn te verminderen en 
functioneren te verbeteren. Krachttraining voorafgaand aan de operatie is enkele 
malen onderzocht, maar positieve effecten op het herstel zijn nog niet gevonden. 
Vaak zijn echter de programma’s niet intensief genoeg om in de korte periode 
voor de operatie (doorgaans 6 weken) veranderingen in kracht te 
bewerkstelligen. Mogelijk dat intensieve programma’s wel tot krachtwinst kunnen 
leiden, maar het is dan ook de vraag of het doen van intensieve krachttraining 
haalbaar is bij patiënten in de weken voorafgaande aan de operatie. In Hoofdstuk 
6 onderzochten we de haalbaarheid en effecten van intensieve preoperatieve 
krachttraining bij 11 mensen wachtend op een totale knievervanging en 
vergeleken de effecten met een groep van 11 mensen die een standaard 
behandeling ontvingen, bestaande uit onder andere aerobe training. De 
Samenvatting 
 
 
113 
intensieve training kon zonder aanpassingen worden uitgevoerd door 8 van 11 
patiënten, maar leidde niet tot grotere toenames in kracht dan bij de 
standaardbehandeling. Wel was in de 6 minuten looptest en bij het opstaan van 
een stoel een verbetering te zien voor de groep als geheel. Hoewel er geen 
controle groep was waarbij niet werd getraind, lijkt geconcludeerd te mogen 
worden dat preoperatieve training het verlies van functioneren, dat vaak wordt 
waargenomen voorafgaand aan de operatie, kan voorkomen. De inhoud van de 
training lijkt hierbij minder van belang.  
Concluderend kan worden gesteld dat fysiek functioneren in ouderen met 
artrose significant beperkt raakt ongeveer drie tot zes jaar nadat de eerste 
gewrichtsklachten zich aandienden. De mate van beperking is erg variabel 
tussen personen, mogelijk doordat de relaties tussen artrose vastgesteld met 
een röntgenfoto en functietesten niet consistent zijn. Spierkrachtmetingen zijn 
niet gevoeliger dan andere testen om verschillen tussen mensen met en zonder 
artrose aan te tonen. Preoperatieve training kan verlies van functioneren voor 
een totale knievervanging voorkomen, maar intensieve krachttraining lijkt, hoewel 
haalbaar, niet beter dan een standaard programma.  
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Nu aan het eind van mijn promotie traject, is het moment gekomen om terug te 
kijken en de mensen te bedanken die direct of indirect een bijdrage hebben 
geleverd aan dit proefschrift.  
Arnold, bedankt dat je me de mogelijkheid hebt gegeven om te 
promoveren. Je was altijd zeer betrokken bij alle fases in het project. Ook was je 
altijd zeer snel in het beantwoorden van vragen, mails en bij het lezen van 
concept versies. Het was een zeer leerzaam traject.  
 Jo. Ik zal mij de dagelijkse koffiemomenten nog lang herinneren. Dit was 
het overlegmoment de lopende zaken te bespreken, maar ook om over heel 
andere zaken te praten (die soms veel interessanter waren!). Ook jij was altijd 
beschikbaar en snel met reacties. Dat dit niet vanzelfsprekend is, hoor ik van 
collega AIO’s, maar het is als promovendus erg prettig. Mocht ik eens te 
enthousiast worden en zaken te optimistisch inschatten, dan wist je mij altijd 
weer met beide benen op de grond te krijgen. Het congres in het all-in resort in 
Antalya en de afsluitende 800 meter op het vliegveld van Istanbul zullen mij 
zeker bijblijven!  
 I would like to thank David and Marco from the MMU for being part of the 
project. The contacts were scarce, but pleasant nonetheless. Ik wil Peter Nolte, 
Richard Brohet en in het bijzonder Jeanette Verhart bedanken voor hun 
betrokkenheid bij de studie in het Spaarne Ziekenhuis. Mijn dank gaat ook uit 
naar de fysiotherapeuten bij de 17 deelnemende praktijken. 
Paul en Dorly, bedankt voor de adviezen met betrekking tot de twee 
studies waar LASA bij was betrokken. Geeske, bedankt voor de vele tips met 
betrekking tot SPSS syntax en Jos voor de statistiek, daar heb ik veel van 
opgestoken! Ook dank ik de leden van de leescommissie voor de suggesties die 
ze hebben gedaan om mijn proefschrift te verbeteren.  
Hoewel er geen nieuwe opstelling gemaakt hoefde te worden, was de 
TOD altijd bereid om snel kleine aanpassingen of reparaties uit te voeren (zelfs 
aan mijn espresso-apparaat!). Speciale dank voor Peter voor hulp als ‘dav’ eens 
vastliep, maar uiteraard ook naar de andere collega’s bij TB1. Veel dank naar de 
AIO groep, voor de gezellige momenten zoals diners, de AIO weekenden en 
Sinterklaas. Bijzondere vermeldingen voor de (ex) roomies op A-621, Janwillem, 
Lennart, Nicky, Koen en Linda, waarvan ik er een aantal heb mogen 
elektrocuteren voor één van mijn studies. Ook voor de andere studies bedank ik 
mijn proefpersonen. Voor een aantal was het letterlijk een schokkende ervaring. 
Als het werk op de VU gedaan was, dan was het werk voor mij nooit 
voorbij. Inmiddels sta ik vijf dagen per week met veel plezier op de atletiekbaan 
als sprinttrainer voor een groep van inmiddels ruim 20 atleten, inmiddels 
omgedoopt tot ‘Team van Leeuwen’. Bij jullie kan ik mijn praktische ambities en 
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mijn energie goed kwijt! Naast alle trainingen geniet ik ook erg van de 
teametentjes en de trainingsweekenden, maar bovenal van de goede prestaties 
van de afgelopen jaren. Ik heb nu al zin om met een deel van de groep naar het 
WK in Moskou te gaan kijken. Het is een voorrecht om zo een leuke groep 
training te geven!  
Papa en mama, jullie hebben mij altijd vrij gelaten in mijn keuzes en mij 
altijd gesteund, of het nu om studie, werk of sport ging. Sebastiaan, leuk dat je 
mijn paranimf wilt zijn! Hetzelfde geldt voor Paul. Leuk dat we een paar jaar na 
de studie weer met elkaar in contact kwamen. Ik hoop nog vaak een biertje met 
je te gaan drinken! Christiaan, het wordt hoog tijd dat we het poolen in het 
weekend weer gaan oppikken! Dit was een fijne afwisseling op de wekelijkse 
werkzaamheden.  
Lieve Janna. Wat ben ik blij dat wij samen anatomie hebben gevolgd 
tijdens onze studie! Ander had ons leven er waarschijnlijk heel anders 
uitgezien… Als het eens tegenzat, dan kon ik bij jou terecht voor steun. We zaten 
bovendien beiden als promovendus in hetzelfde schuitje. Het is gelukt om onze 
promoties op dezelfde dag te plannen, zodat we samen één groot feest kunnen 
geven om deze mijlpaal te vieren. Ik zie ernaar uit dat we binnenkort (eindelijk!) 
ons nieuwe huis kunnen betrekken. Met een kleine op komst zullen we een heel 
nieuwe fase van ons leven ingaan. Ik heb er in ieder geval veel zin in!  
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Daniël van Leeuwen is geboren in 1978 in Amsterdam. Na het behalen van zijn 
VWO diploma, studeerde hij aan de Academie Lichamelijke Opvoeding van de 
Hogeschool van Amsterdam en behaalde in 2001 zijn diploma. Aansluitend 
studeerde hij bewegingswetenschappen aan de Vrije Universiteit in Amsterdam. 
Als onderzoeksstage onderzocht hij de relatie tussen snelle isometrische 
kniestrekkracht en sprongprestatie en behaalde zijn Master diploma in 2005. 
 Naast zijn studies heeft atletiek een grote rol gespeeld. Van 1986 tot 
2008 was hij actief atleet. Na de studie bewegingswetenschappen heeft hij 
tussen 2005 en 2008 zijn pijlen op de sport gericht, resulterend in de 
Nederlandse titel op de 60 meter indoor in 2005 en deelname aan de EK atletiek 
in 2006 als lid van het 4x100 meter estafetteteam. 
 Ook in 2005 startte hij een eigen bedrijf, Van Leeuwen Training en 
Advies. Hij was looptrainer in diverse sporten, zoals hockey, voetbal, tennis en 
was  trainingscoördinator bij een atletiekvereniging. Naast trainingsfuncties heeft 
hij diverse bedrijven geadviseerd met betrekking tot training, testen en meten. 
 In 2009 startte hij zijn promotieonderzoek naar de effecten van artrose 
op functioneren bij ouderen onder supervisie van Arnold de Haan en Jo de Ruiter 
aan de Vrije Universiteit in samenwerking met de Manchester Metropolitan 
University in Engeland. In 2012 behaald hij zijn doctorstitel reeds in Engeland.  
Momenteel is hij onder andere sprinttrainer van een getalenteerd team 
bij atletiekvereniging Phanos en docent en ontwikkelaar van fitnesscursussen.  
 
